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1. 


SUMMARY 


1-1  INTRODUCTION 

It  has  bee.ii  known  for  some  time  that  the  number  of  injuries 
sustained  during  potentially  survivable  crashes  could  be  reduced  if 
a  proper  energy  absorber  were  placed  between  the  seated  man  and 
fuselage  to  dissipate  the  energy  that  is  present  in  a  plane  crash. 

The  problem  of  what  type  of  energy  absorber  should  be  used  and 
what  characteristics  should  it  have  becomes  apparent  immediately 
but  does  not  lend  itself  to  an  easy  solution.  Does  an  energy  absorber 
with  a  square  wave  force -deflection  curve  offer  the  best  protection 
or  do  the  dynamics  of  the  seated  man  system  dictate  an  energy 
absorber  with  variable  force -deflection  characteristics 
to  adequately  protect  the  man.  To  solve  this  problem,  a  design 
criteria  for  energy  absorbers  that  would  best  protect  the  pilots  and 
passengers  of  fighter,  helicopter,  and  transport  aircraft  was  the  main 
goal  of  the  research  effort  conducted  on  this  project,  but  before  any 
optimum  energy  absorption  criteria  could  be  developed  several  pertinent 
questions  had  to  be  answered. 

The  first  of  these  was  how  to  easily  evaluate  a  given  energy 
absorber's  performance  under  the  dynamic  conditions  that  exist  during 


an  airplane  crash. 


The  solution  to  this  problem  is  to  utilize  a  digital  computer.  A 
computer  program  was  written  using  the  MIMIC  routine  to  solve 

the  equations  of  motion  of  a  seated  man  model  placed  in  series  with. a 

seat  and  anenergy  absorber  and  excited  by  an  arbitrary  input 

acceleration.  The  man  model  used  was  a  10  HZ,  30  percent  critically 

damped  single  degree  of  freedom  system  that  can  be  used  to  calculate 

the  forces  generated  by  a  seated  man  and  the  acceleration  input  is 

put  into  the  program  as  a  series  of  acceleration -time  pairs.  The 

program  allows  characteristics  of  any  energy  absorption  device  to  be 

entered  into  it  as  a  number  of  force -deflection  pairs  and  the  program 

then  calculates  the  response  of  the  seated  man-energy  absorber 

system  to  a  given  input. 

The  next  question- was  what  kind  of  response  could  a  man 
survive  and  the  answer  comes  from  an  injury  model  of  a  seated  man 
which  calculates  a  Dynamic  Response  Index  (D.  R.  I. )  of  a  man  for 
any  arbitrary  input  acceleration.  One  result  of  the  computer  program 
is  the  seat  acceleration  which  the  program  then  uses  as  an  input  to  the 
injury  model,  an  8  HZ,  22  percent  critically  damped  single  degree  of 
freedom  system.  The  compression  of  the  spring  element  is  indicated, 
by  the  D.  R.  I.  and  this  provides  a  means  of  evaluating  the  probability 
of  injury  of  the  generated  seat  acceleration. 
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The  final  problem  to  be  solved  was  to  find  crash  acceleration 
time  profiles  which  represented  survivable  crashes  for  the  different 
types  of  aircraft.  Many  sources  of  actual  crash  data  were  reviewed 
and-  examined  to  select  typical  survivable  input  acceleration  waveforms. 
Several  waveforms  were  collected  for  helicopter,  fighter  and  transport 
type  aircraft;  and  these  were  used  as  input  to  the  computer  program 
with  the  selection  of  the  waveform  for  each  aircraft  made  on  the 
basis  of  the  D.  R.  I.  output. 

With  the  selection  of  an  input  waveform  for  each  aircraft 
type  and  a  means  of  evaluating  the  effect  of  the  energy  absorber  upon 
the  seated  man,  the  definition  of  an  optimum  energy  absorber  design 
criteria  was  undertaken.  The  resulting  design  criteria  was  then  used 
with  the  D.  'R.  I.  to  analyze  test  records  of  existing  energy  attenuators. 
The  force -time  data  available  were  re-evaluated  and  force -displacement 
curves  generated  which  were  entered  into  the  computer  program  and 
the  D.  R.  I.  was  calculated  for  each  device  with  various  man  and  seat 
weight  for  each  of  the  three  types  of  aircraft. 

1.  2  RESULTS  AND  CONCLUSIONS 

There  are  several  significant  results  that  have  been  found 
during  the  research. 
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The  most  significant  are  related  to  current  energy  absorber  design 
criteria.  Energy  absorbers  are  currently  designed  to  the  criteria 
that  a  constant  force  device  will  generate  a  constant  acceleration 
profile  and  therefore  create  the  maximum  energy  absorption  for 
minimum  stroke.  This,  because  of  the  dynamic  response  of  the 
man,  is  false.  If  an  absorber  is  designed  assuming  that  the  man  is 
a  rigid  mass  that  can  sustain  a  constant  and  tolerable  acceleration 
of  18  g,  then  the  developed  digital  computer  program  can  demonstrate 
that:  (1)  the  acceleration  to  the  man  is  not  constant,  and  (2)  the  response 

r- 

of  the  man  in  terms  of  probability  of  injury  can  be  ten  times  greater 
than  anticipated. 

Another  interesting  aspect  is  that  some  commercially  available 
energy  absorbers  approach  the  theoretically  "optimum”  force- 
displacement  profiles  calculated.  This  is  not  because  they  were 
designed  that  way,  but  because  they  simply  turned  out  that  way. 

Several  absorbers  have  large  amplitude  force  "spikes"  at  the  beginning 
of  the  stroke.  This  could,  based  upon  current  design  criteria,  have 
caused  their  rejection  as  unacceptable.  However,  the  study  has  shown  . 
that  this  is,  in  fact,  a  reason  for  making  them  more  acceptable  than 
the  square  waveform  criteria  they  were  designed  to  meet.  Their 
distorted  waveforms  as  generated  by  the  physical  hardware  are 
superior  to  any  square-wave  device  which  may  be  designed. 


He  research  has  shown  that  it  is  possible  :c  determine 
a  force -displacement  profile  for  a  given  set  of  conditions  which 
is  superior  to  any  square  wave  or  peak  and  plateau  force-displace¬ 
ment  curve.  Because  of  the  response  of  the  human,  the  optimum 
protile  will  have  a  “notched”  appearance  to  take  advantage  of  human 
dynamics.  Any  other  waveform,  in  order  to  not  exceed  the  same 
tolerance  limit,  will  have  a  greater  stroke  length. 

The  results  just  mentioned  were  found  using  a  computer 
program  that  synthesizes  the  human  body,  both  force  and  injury 
aspects,  the  crash  input  and  the  en"**gy  absorber  force -displacement 
characteristics.  The  program  is  a  research  tool  in  that  it  accepts 
as  inpit;  man  weight,  seat  weight,  any  acceleration-time  profile 
of  the  crash,  and  any  force-displacement  curve  for  the  absorber. 

In  addition,  the  program  can  recognize  multiple  absorbers  and  a 
stroke  limit.  If  the  absorber  "bottoms”  the  seat  responds  as  though 
impacting  a  more  rigid  structure.  The  absorber  is  assumed  to  be 
capable  of  attenuating  energy  in  both  compression  and  tension. 

The  literature  was  surveyed  and  representative  crash 
acceleration  pulses  of  survivable  crashes  were  tabulated.  Four 
waveforms  are  presented  for  the  helicopter  and  transport. 
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Tiro  are  presented  for  the  tighter.  A  specific  waveform  for  each 
type  was  selected  by  using  the  program  and  determining  the  most 
severe  based  upon  the  injury  response. 

The  review  of  human  tolerance  data  resulted  in  the  selection 
of  the  D.  R.  I.  method  of  evaluating  injury.  By  this  means  it  is 
possible  to  quantitatively  evaluate  the  probability  of  injury  to  the 
man  without  recourse  to  trapezoidal  approximations.  A  value  of  18 
for  the  D.  R.  I.  was  selected  as  the  initial  criteria  for  optimization.  * 
This  is  indicative  of  a  five  percent  probability  of  spinal  injury. 

As  mentioned,  it  was  possible  to  show  that  force -deflection 
profiles  of  optimum  energy  absorption  devices  could  be  developed 
fcr  particular  crash  profiles,  men  and  seat  weights.  However  it 
was  net  possible  to  select  any  one  optimum  force -displacement  profile 
for  each  vehicle  type  {transport,  helicopter,  and  fighter)  that  would  be 
best  for  all  possible  conditions.  Optimums  could  not  be  firmly  estab¬ 
lished  because  .of  the  effects  of  variations  of  the  input  accelerations. 

It  has  been  shown  that  the  response  of  a  dynamic  man  upon  an  elastic 
energy  absorber  is  more  complex  than  anticipated.  The  input  acceler¬ 
ation  thought  to  be  most  severe  based  upon  peak  acceleration  or  velocity 
change  does  not  necessarily  generate  the  greatest  response  of  the  man, 
either  inertially  or  in  terms  of  injury. 
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1.3  RECOMMENDATIONS 

li  is  recommended  that  the  following  tasks  be  performed. 

1.  The  developed  computer  program  should 
be  utilized  to  study  the  probability  of  injury 
due  to  selected  variations  of  input  waveform 
and  payload  masses.  The  results  should  be 
compiled  in  terms  of  cumulative  probability 
of  injury  and  stroke  length  in  order  to  make 

a  quantitative  judgment  of  the  tradeoff  between 
the  two. 

2.  Prototype  hardware  should  be  developed 
to  determine  whether  or  not  fabrication  of  an 
energy  absorber  with  the  notched  force -dis¬ 
placement  characteristic  is  practical. 

3.  Additional  studies  should  be  conducted  to 
determine  whether  or  not  a  hardware  design  can 
be  developed  that  will  passively  satisfy  many 
input  and  payload  configurations. 
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2.  DISCUSSION 

2. 1  COMPUTER  PROGRAM 

One  of  the  objectives  of  the  research  was  to  develop  a  computer 
program  that  would  synthesize  the  crash  acceleration,  a  generalized 
energy  absorption  device,  and  the  human.  Schematically  this  is 
shown  below:  f~~) 


The  acceleration  at  the  ground  acts  upon  the  energy  absorber  to 
develop  forces  within  it  which  accelerate  the  seat.  The  seat 
then  accelerates  the  man.  The  energy  absorber  is  represented  by 
a  force -displacement  curve  either  from  measured  data  or  as 
represented  by  some  analytical  function.  The  acceleration  is 
similarly  represented  by  acceleration -time  data  points.  The  seat 
motion  is  described  by  the  equation. 

M  X„  =  C,  X.  +  K  X.  -  C  X  -  K  X0  +  F  '  +  F  -  W 
2  2  11  11  12  12  ea  st  2. 

where  M  =  the  mass  of  the  seat 

c* 

W2  =  the  weight  of  the  seat 
C1  =  the  damping  factor  of  the  10  HZ  man 
Kj  =  the  stiffness  of  the  10  HZ  man 
=  the  displacement  of  the  seat 
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X^  =  the  displacement  of  the  10  HZ  man 
F  ■=  the  force  developed  by  the  energy  absorber 

6a 

Fst  =  the  force  developed'  by  the  structure  when  the 
energy  absorber  bottoms. 

All  dotted  values  are  time  derivatives  of  the  variable.  The  man  is 
represented  by  a  10  HZ,  0.  3  damping  ratio  single  degree  of  freedom 
system.  This  has  been  shown  to  duplicate  man's  force  response  to 
impact.  The  equation  for  the  man  is: 

Mj_ xx=  xx  -  q xx  +  k1  x2  +  cx  x2  -  wr 

=  the  weight  of  the  man 
=the  mass  of  the  man 

If  we  were  only  interested  in  forces,  this  would  be  sufficient.  However, 
we  are  also  interested  in  injury  and  this  requires  an  additional  element. 
This  is  accomplished  by  incorporating  another  single  degree  of  free¬ 
dom  system  into  the  program  that  is  driven  by  the  seat  acceleration. 
This  is  written: 

M3  *3  =  C3  X2  +  K3  X2  -  C3  53  -  K3  X3  -  W]L- 
.  M3  =  Mx 

C3  =  the  damping  factor  of  the  8  HZ  man 
K3  =  the  stiffness  of  the  8  HZ  man 
X3  =  the  displacement  of  the  8  HZ  man 
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where  the  seat  motion  X2  drives  the  system  but  is  not  coupled 
to  it.  The  coefficients  for  the  model  are.  those  of  an  8  HZ,  22 
system.  This  is  then  the  D.  R.  I.  or  injury  model,  for  the  program. 

The  D.  R.  I.  is  a  measure  of  the  force  developed  in  the  spring  and 
equal  to  K3&3  -  X2)/M2  g. 

These  are  the  basic  equations  required  for  the  program.  They 
were  written  in  a  format  compatible  with  a  MIMIC  routine  and  the 
remainder  of  the  program  is  the  logic  required  to  properly  input, 
output  and  control  the  calculations.  A  flow  diagram  of  the  program 
is  shown  in  Figure  1  and  a  complete  users  guide  is  contained  in 
Appendix  I. 

2.2  DEFINITION  OF  ACCELERATION  PROFILES  AND  HUMAN' 

TOLERANCE  LEVELS 

2.2.1,  HUMAN  TOLERANCE  LEVELS 

Many  tolerance  curves  have  been  developed  to  indicate 
acceleration  limits  that  must  not  be  exceeded.  These  are  available 
in  terms  of  peak  G,  rise  time  and  pulse  duration.  The  unfortunate 
aspects  of  these  are  that  it  is  not  always  possible  to  relate  .the 
characteristics  of  the  measured  acceleration  waveform  directly  to 
the  waveform  of  the  tolerance  curve.  It  was  because  of  this  difficulty 
that  analytical  models  of  the  human  body  were  developed  to  provide  a 
quantitative  means  of  estimating  injury. 
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If  an  analytical'  model  were  available  that  possessed  a  response  parameter 
-delated  to  injury,  then  the  model  could  be  subjected  to  the  acceleration 
waveform  desired  and  the  response  calculated.  Such  a  model  is 
available  and  is  currently  being  used  to  predict  the  probability  of  injury. 
The  model  is  the  one  developed  several' ,years  ago  by- Mr.  Peter  Payne 
arid  currently  included  within  Air  Force  specification  MIL-S-9479A. 

^  '  , 

The  history  of  the  model  begins  in  1961  when  Stanley  Aviation 
Corporation  conducted  a  research  program  to  study  human  tolerance 
to  abrupt  accelerations  and  published  a  report  describing  their  results. 
This* was  an  attempt  to  collect  all  existing  tolerance  information  and 
from  it  infer  analytical  models  that  could  be  utilized.  This  was 
indeed  accomplished  and  the  model  concept  helped  to  explain  various 
regimes  of  human  response.-  From  this  work  Payne  developed  several 
later  papers  that  continued  the  effort  and  eventually  these  ’ed  to  the 
adoption  by  the  Air  Force  of  the  D.  R.  I.  model. 

As  a  portion  of  this  program  Beta  Industries,  Inc. ,  was 
required  to  determine  tolerance  levels  and  waveforms  in  accordance 
with  the  best  available  documented  data.  The  D.  R.  I.  model  was 
originally  proposed  as  the  means  of  examining  tolerance  and  no 
additional  information  collected  altered  that  selection. 
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Later  reports,  such  as  The  Crash  Survival  Design  Guide,  USAAVLABS 
TR-67-22,  reference  data  already  contained  within  the  D.  R.  I.  model 
development.  Specifically,  NASA  Memorandum  5-19  ^-59E,  Human 
Tolerance  to  Rapidly  Applied  Acceleration:  A  Summary  of  the  Literature, 
was  referenced  in  both  Stanley  Aviation's  Report  and  the  Crash  Survival 
Design  Guide.  Hence,  the  model  development  includes  the  experimental 
data  and  by  using  it  we  satisfy  the  standard  tolerance  curves  that  utilize 
arbitrarily  selected  trapezoidal  waveforms.  From  MIL-S-9479A  the 
allowable  D.  R.  I.  of  18  is  established  as  a  value  associated  with  a  five 
per  cent  or  less  probability  of  spinal  injury  based  upon  operational 
ejection  data  and  was  used  as  the  tolerance  level  to  be  desired.  For 
other  D.  R.  I.  values  the  relationship  between  D.  R.  I.  and  probability  of 
injury  is  given  in  Figure  39. 

The  selection  of  the  D.  R.  I.  model  eliminates  the  need  of 
specifying  an  acceleration  waveform  as  a  portion  of  the  tolerance  criteria. 
The  purpose  of  the  model  is  to  calculate  the  response  of  a  single  degree 
of  freedom  system  to  whatever  acceleration  waveform  is  desired.  The 
response  is  calculated  in  terms  of  relative  displacement,  ^  ,  and  the 
D.  R.  I.  is  calculated  by  multiplying  by  the  natural  frequency  of  the 
system  and  dividing  by  the  gravitational  constant.  The  frequency  and 
weight  are  specified  such  that  the  relative  displacement  is  analogous 
to  spinal  compression  and  hence  the  D.  R.  I.  limit  of  18  is  in  effect  a 
limit  on  the  force  carried  in  the  spine. 
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The  model  responds  with, the  correct  relative  displacement  and 
velocity  as  a  function  of  its  stiffness,  damping  and  inertial  char¬ 
acteristics,  so  that  regardless  of  the  input  waveform  the  D.  R.  I. 
is  indicative  of  the  force  in  the  spine. 

In  the  computer  program  the  D.  R.  I.  model  is  included 
and  responds  to  the  seat  accelerations  calculated.  It  is  not  the 
system  used  in  calculating  energy  absorber  response  because 
it  is  not  a  force  model  but  a  tolerance  or  physiological  model. 

The  10  HZ  system  is  used  to  calculate  how  the  seat  accelerates  and 
this  is  then  used  as  input  to  the  tolerance  model.  Both  a  force 
and  a  physiological  model  are  necessary  because  the  system  dynamics 
must  be  found  using  a  force  model  but  the  question  of  injury  probability 
is  best  answered  by  the  tolerance  model.  This  can  be  explained  as 
follows : 

First,  suppose  it  is  desired  to  be  able  to  predict  the  force 
response  of  the  human  body  in  a  seated  position.  It  has  been  shown 
that  a  10‘HZ  system  responds  properly.  If  a  10  HZ  system  is 
accelerated  and  the  force  developed  is  measured,  it  is  similar 
to  that  developed  by  man.  This  was  established  by  conducting  tests 
with  humans  and  measuring  the  forces  developed.  Secondly,  to 
evaluate  the  possibility  of  injury  to  a  man's  back  due  to  transient 
acceleration  it  is  necessary  to  use  an  8  HZ  system. 
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This  is  not  a  directly  measured  phenomena  but  has  come  about  from 
observing  the  breaking  strength  and  stiffness  of  vertebral  bodies. 

If  these  values  are  known,  body  weight  distribution  and  calculated? 
whole  body  response  will  result  in  an  8  HZ  system  .which  provides 
a  model  indicative  of  the  force  developed  in  the  spine.  The  model  is 
an  analytical  tool.  Any  given  acceleration  waveform  input  can- be 
used  to  calculate  an  internal  force..  By  establishing  limits*  on 
displacement,  velocity,  or  force,  calculations  can  be  made  to  determine 

whether  or  not  the  model  (spine)  exceeds  its  limit.  The  limit  usually 
used  is  the  D.  R.  I. 


D.  R.  I.  = 


w 


2  <5 


max 


g 


W  =  the  natural  frequency  (8  HZ) 

=  the  spring  displacement  (spine) 


5 


Since 


g  =  the  gravitational  constant 

2  _  K 
w  =  — 

M 


D.  R.  I.  =  K  <5  max 
Mg 


which  means. 


D  R.  I.1  =  Force  in  the  spring 
Body  Weight 

ana  is  similar  then  to  an  acceleration.  The  present  Air  Force  limit 
is  1C  ■"  the  force  in  the  spring  is  18  times  body  weight. 
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Two  models  must  be  used.  If  the  8  HZ  model  is  used 

in  the  seat  to  calculate  the  response  pf  the  .total  seat,  man,  energy  absorber 

< 

system,  the  acceleration  of  the  seat  would  be  the  result  of  forces 
developed  by  a  8  IIZ  system.  The  results  would  be  invalid  .since 
only  the  10  HZ  develops  the  proper  forces  and  therefore  generates 
the  proper  seat  acceleration.  The  seat  acceleration  then  can  be 
used  as  input  to  the  8  IIZ  model.  The  computer  printout  presents 

D.  R.  I,  versus  time  and  indicates,  the  force  and  displacement 

' 

generated  within  the  spine;.  - 

2.2.2  'CRASH  ACCELERATION  PROFILES, 

Another  portion  of  this  program  was  to  determine  input 
acceleration  waveforms  representative  of  potentially  sur-vivable 
crashes  for  troop,  fighter  and  helicopter  type  aircraft.  This 
information- came  from  reports  containing  full  scale  crash  test 
data.  In  attempting  to  define  the  environment  from  test  information 
it  is  necessary  to  realize  the  exact  nature  of  the  measured  data  as 
weir  as  the  plausibility -of  approximations  that  can  be  made. 

Typically  the  environment  in  a  vehicle  is  presented  as 
acceleration  versus  time  at  particular  locations  within  the  vehicle. 

This  automatically  indicates  that  the  "crash"  acceleration  is  a 
function  of  vehicle  type  and  location  within  the  vehicle. 
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It  is  also  known  that  the  acceleration  level  is  a  function  of  the  airspeed 
and  attitude  at  impact.  There  have  been  several  analytical  studies 
that  attempt  to  relate  fuselage  crush  strength,  impact  angle  and 
velocity.  These  techniques  could  have  been-utilized,  but  would 
have  possibly  caused  additional  assumptions  to  be  included  into 
the  data.  For  this  reason,  only  measured  data. was  utilized  unless 
detailed  analysis  showed  that  waveform  approximations  could  be 
used. 

The  accelerations  that  are  recorded  at  a  particular  station 
are  assumed  to  be  representative  inputs  to  the  energy  absorber.  This 
is  not  rigorously  accurate.  As  the  vehicle  impacts,  the  crushing 

f  4 

of  soil  and  vehicle  dissipate  energy  and  generate  a  basic  acceleration 
waveform.  At  the  station  of  interest  the  energy  is  received  as  trans¬ 
mitted  by  fuselage  rigid  body  motion  and  structural  response.  The 
fuselage  may  rotate  rather  than  translate,  and  the  fuselage  bending 
modes  may  be  of  such  a  low  frequency  that  the  impact  is  greatly 
attenuated.  Locally,  the  instrumentated  area  may  be  very  "soft" 
structurally,  that  is,  the  floor  may  not  have  appreciable  stiffness. 

If  this  is  true,  then  the  addition  of  an  elastic  system  to  that  station 
would  cause  the  measured  acceleration  on  the  floor  to  be  altered. 
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The  measured  acceleration  we  call  input  is  actually  a  response 
that  may  or  may  not  be  inflame ed  by  the  payload.  If  the  floor 
is  "stiff”  strccter ally,  tMs  may  appear  as  high  frequency  ^ringing” 
in  the  data  and,  although  a  true  indication  of  the  input  to  the  man, 
it  does  not  appreciably  influence  the  response  of  the  low  frequency 
man.  All  of  these  factors  were  recognized  in  determining  repre¬ 
sentative  input  waveforms  for  each  aircraft  type  although  little 
could  be  done  about  some  of  them.  Without  a  more  rigorous 
structural  analysis  it  is  impossible  to  evaluate  the  effects  of  the 
payload  oh  floor  acceleration  and  hence  it  was  assumed  that  the 
measured  data  would  be  indicative  of  the  floor  acceleration 
desired. 

To  define  the  input  waveforms  representative  of  potentially 
suryivable  crashes  for  transport,  helicopter,  and  fighter  type 
aircraft,  a  literature  search  for  reports  and  documents  which  might 
have  contained  full-scale  crash  test  data  was  performed.  The  primary 
source  for  pertinent  information  was  a  Report  Bibliography  requested 
from  the  Defense  Documentation  Center  which  covered  publications 
of  full  scale  crash  tests  of  aircraft  for  the  last  twenty-five  years. 

This  bibliography  listed  several  publications  covering  full  scale  testing 
which  were  subsequently  obtained  through  the  DDC. 


These  reports  along  with  documents  supplied  by  the  Naval  Air 
Development  Center  are  listed  in  Tables  1,  2,  3,  and  4. 

Several  acceleration  pulses  of  various  shapes  were  obtained 
from  crash  data  presented  in  some  of  the  reports.  Since  there  are 
several  acceleration  pulses  for  each  type  aircraft,  a  means  of 
selecting  the  proper  waveform  for  the  separate  aircraft  types  had 
to  foe  determined.  The  crash  input  waveforms  must  be  correctly 
defined  for  any  energy  absorber  evaluation  or  optimization  to  take 
place.  The  form  of  the  input  acceleration  and  energy  absorber  char¬ 
acteristics  determine  the  response  of  the  seated  man,  which  is  used 
to  determine  the  probability  of  injury  to  the  man  and  show  -whether  or 
not  the  energy  absorber  functioned  correctly.  However,  the  answer 
to  the  question  of  which  waveform  should  be  used  for  each  type  of 
aircraft  is  not  immediately  clear  due  to  a  lack  of  a  definitive  criteria 
for  selecting  input  waveforms  which  are  indicative  of  potentially 
survivable  crashes. 

The  Crash  Survival  Design  Guide  states  that  the  input  acceleration 
waveform  for  the  major  impact  in  accidents  involving  transport  and 
helicopter  type  aircraft  can  be  represented  as  a  symmetrical  triangular 
pulse  for  most  enginering  calculations. 


|  But  for  this  program  the  actual  input  conditions  were  to  be  simulated 

I  -  ' 

J  .which  meant  a  review  of  available  crash  data  from  existing  literature 

I 

j  and  in  examining  the  reports  it  soon  became  apparent  that  not  all 

* 

j  of  the  data  could  be  realistically  described  by  triangular  pulses.  In 

,  these  cases,  the  best  linear  approximation  which  "filtered  out"  the 

( 

|  high  frequency  structural  response  was  used.  The  exact  linearizing 

|  technique  is  described  in  Appendix  II.  The  result  of  inspecting  and 

f 

j  reducing  the  available  full  scale  crash  test  data  was  a  group  of  input 

!  * 

|  acceleration  profiles  for  each  type  of  aircraft.  The  time  histories 

1 

J  of  these  waveforms,  normalized  so  that  every  pulse  starts  at  time, 

r 

|  -t=o,  are  shown  in  the  graphs  in  Appendix  III.  All'  of  the  input  pulses 

! 

came  from  measured  data  taken  during  controlled  crashes  which 

j 

were  defined,  as  potentially  survivabie  crashes.  But  which  pulse  is 
most  representative  of  a  survivabie  crash  for  each  aircraft  type? 

Is  the  peak  g  level,  pulse  duration,  onset  rate,  decay  rate,  or 

r 

J 

!  velocity  change  the  best  parameter  to  use  in  choosing  the  proper  input 

|  waveform? 

i 

|  The  waveforms  obtained  were  of  such  a  variety  of  shapes 

,  that  none  of  the  above  parameters  could  be  used  to  clearly  determine 

a  good  input  pulse  to  use.  Therefore,  as  a  starting  point  it  was  decided 
the  inputs  which  caused  the  most  severe  environment  for  the  seated  man 
in  each  type  of  aircraft  would  be  used  to  evaluate  and  define  optimum  energy 
absorption  systems. 


? 
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This  does  not  mean  that  the  various  inputs  were  applied 
directly  to  the  injury  model  of  the  man.  The  inputs  would  have 
to  be  applied  through  an  energy  absorber.  To  apply  the  various 
inputs  directly  to  the  man  would  be  unrealistic.  A  3d  "g" 
peak  input  of  one  waveform  and  a  50  ”g"  peak  of  another,  when 
applied  to  man,  will- both  probably  easily  exceed  man's  tolerance 
limit.  To  select  the  worst  would  be  ridiculous  since  neither  would 
be  permitted  to  exist  without  some  attenuation  from  an  energy  absorbing 
device.  Therefore  the  criteria  for  selection  of  the  input  requires  the 
calculation  of  system  response,  mah-seat-absorber,  not  just  man  alone. 
The  question  then  becomes  how  to  select  an  absorber  when  it  is  the 
characteristics  of  the  absorber  that  are  to  be  eventually  selected. 

At  this  point  in  the  program  it  was  necessary  to  select  an  energy  absorber 
with  characteristics  that  would  be  indicative  of  the  eventual  force - 
displacement  criteria.  From  the  force -displacement  curves  available, 
Boeing  test  Number  3  was  selected  as  representative  of  the  commercially 
available  absorbers.  The  force -displacement  curve  has  ant  initial 
spike,  which  was  suspected  to  be  desirable,  and  then  has  a  relatively 
constant  force  level.  It  was  realized  that  the  selection  of  an  absorber 
would  probably  influence  the  selection  of  input  waveforms.  However, 
to  ignore  the  absorber  would  be  wholly  unrealistic.  The  use  of  any 
commercially  available  waveform  or  even  a  theoretical  square  wave 
is  more  desirable  than  ignoring  the  absorber. 
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The  technique  used  to  find  the  harshest  input  acceleration  was 
simply  to  put  each  pulse  into  the  computer  program,  and  using  the 
selected  energy  absorber  for  each  input,  compare  the  peak  D.  R.  I. 
output  of  ;all  the  waveforms  of  a  particular  aircraft.  The  input 
acceleration  pulse  which  produced  the  highest  D.  R.  I.  was  the  one 
producing  the  most  severe  condition  for  a  seated  man  and  was 
chosen  as  the  input  waveform  for  that  particular  type  aircraft.  These 
input  acceleration  profiles  are  shown  in  Figures  2,  3,  and  4. 

2.  3  ESTABLISHMENT  OF  DESIGN  CRITERIA  FOR  ENERGY 

ABSORPTION  DEVICES  “ 

One  of  the  primary  purposes  of  the  research  conducted  on 
this  program  was  to  develop  an  optimum  energy  absorber  for  a1 
helicopter}  fighter,  and  transport  type  aircraft.  The  digital  computer 
program  previously  developed  along  with  the  input  acceleration  profiles 
and  human  tolerance  levels  defined  in  the  preceding  paragraphs  were 
used  to  establish  the  design  criteria  for  these  energy  absorbers. 
However,  the  questions  of  what  an  optimum  device  should  accomplish 
and  how  it  should  achieve  the  desired  results  become  difficult  to 
answer  when  examined  in  detail,  but  must  be  resolved  to  determine 
the  characteristics  of  an  optimum  energy  absorber. 
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What  an  optimum  energy  absorber  should  accomplish  is  quite 
obviously  the  protection  of  the  seated  man  from  severe  input  acceler- 
ations,  but  is  there  a  criteria  by  which  this  can  b.e  achieved. optimally. 

The  answer  is  yes.  The  seated  man  will  react  to  an  input  acceleration 
as  a  dynamic  system  (i.  e.  his  response  will  differ  from  the  response 
of  a  rigid  mass  of  the  same  weight).  What  is  happening,  physiologically 
to  the  man  can  be  predicted  by  the  output  of  a  8  HZ  man  model,  developed 
by  Payne,  and  is  referred  to  as  the  Dynamic  Response  Index  (D.  R.  I. ). 


The  D.  R.-I.  versus  time  curve  then  gives  a  time  history  of  the 
load  carried  in  the  spine  since  the  D.  R.  I.  is  indicative  of  the  spinal 
forces.  The  criteria  used  to  determine  injury  probability  is  only 
the  maximum  level  or  peak  the  D.  R.  I.  reaches,  (i.  e.  for  a.pea'k 
D  R.  I.  of  18  the  probability  of  injury  is  five  per  cent)  which  means 
the  injury  (probability  is  independent  of  the  length  of  time  the  D.  -R.  I. 
is  at  a  given  level. 


■* 


Another  point  to  consider  is  what  happens  when  the  D.  R.  I. 
varies  as  opposed  to  being  constant.  When  the  D.  R.  I.  varies  'with 
respect  to  the  time,  the  physiological  model  is  dissipating  energy 


through  the  motion  of  the  damper.  This  can  be  shown  as  follows: 


X 


D.R.I.  =  wjj  _  *  kg 

g  Mg 

5  =  x  -  x 

D.R.I.  =  K XS  =  F  (S)  ^(D 

E  =?  Energy  dissipated 

e  =  C\ci;.5  dt  (2) 

From  equation  (1)  it  is  seen  that  the-  D.  R.  I.  varies  directly  with  the 

displacement  £ .  When  the  D.  R.  I.  varies,  §  has  a  first  derivative 

and  energy  is  dissipated  by  the  system,  out  if  the  D.  R.  I.  is  constant, 

£  is  constant,  <S  is  zero,  and  no  energy  is  dissipated  by  the  model. 

If  no  energy  is  being  dispelled  by  the  man,  then  the  energy  present  itf 

the  seated  man -energy  absorber  system  can  only  be  dissipated  in  the' 

energy  absorber.  When  this  condition  exists,  maximum  use  of  the 

energy  absorber  is  attained,  since  the  total  energy  of  the  system  is 

bein'g  dissipated  as  the  energy  absorber  actuates. 
n  R  1 1 


The  curve  does  not  have  an  infinite  rise  time  or  decay  time.  This  is 
because  the  square  wave  is  not  physically  realizable.  The  D.  R.  I. 
is  the  result  of  the  response  of  an  elastic  system  and  hence  even  if 
the  input  were  a  "step"  input,  the  response  would  have  a  finite 
rise  time. 
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Some  energy  will  be  dissipated  by  the  man  in  reaching  end  declining 
from  the  maximum  level,  but  this  cannot  be  eliminated  from  a 
dynamic  sy stern  and  is  negligible  when  compared  with  the  total 
energy  of  the  system. 

»  How  the  energy  absorption  device  achieves  the  desired 

optimum  results  depends  not  only  on  the  energy  absorber  itself 

i 

but  also  on  the  seated  man  system  that  is  attached  to  it.  The  first 
results  achieved  in  trying  to  define  an  optimum  energy  absorber 
indicated  the  magnitude  of  solving  this  problem  and  raised  several 
questions  which  were  considered  pertinent. 

1.  What  weights  are  to  be  used? 

2.  What  stroke  length  is  desirable? 

3.  What  force  levels  are  required? 

4.  What  input  waveform  should  be  used? 

5.  What  forces  can  the  floor  carry? 

There  are  several  independent  variables  involved  and  combinations 
of  these  could  be  considerable.  If  3  seat  weights, 3  man  weights,  3 
acceleration  waveforms,  and  3  stroke  lengths,  are  used,  there  are 
81  possible  conditions  for  just  one  energy  absorber  and  for  evaluating 
the  nine  existing  devices  there  are  over  700  combinations. 
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Additional  complications  occur  due  to  the  fact  that  the  total  system 
is  nonlinear.  By  doubling  the  force  in  .the  energy  absorber  the 
response  is  not  necessarily  doubled.  The  response  may  be  dictated 
by  a  ’’bottoming"  action  or  by  a  relaxation  phenomena.,  which  occurs 
when  the  energy  absorber  stroke  changes  direction.  Hence  if  the 
response  of  the  system  is  to  be  interpreted  and  understood,  conditions 
must  be  selected  that  will  best  represent  the  real  world.  The  following 
figures  were  selected  to  be  most  representative. 


Seat  Weight 

Man  Weight 

Fighter 

250  lbs. 

170  lbs. 

Helicopter 

150  lbs. 

170  lbs. 

Transport 

50  lbs. 

170  lbs. 

These  value's^together  with  a  stroke  length  of  10  inches  were 
used  for  the  initial  optimization  and  criteria  development.  It  was 
known  that  actual  seat  weights  would  vary  from  the  values  listed  or 
change  in  the  future  and  that  the  weight  of  the  man  would  vary  from 
135  lbs.  to  205  lbs,,  which  are  indicative  of  the  5th  and  95th  percentile. 
Therefore,  an  effort  was  made  to  find  the  effect  of  the  scat  and  man 
weight  on  the  D.  R.  1.  using  the  computer  program.  Several  cases 
using. one  energy  absorber  (Boeing  #3)  for  all  three  aircraft  types 
were  tried  swith  the  seat  and  man  weight  being  varied. 
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These  results  are  shown  graphically  in  Figures  5  thru  16. 

Figures  5,  6,  and  7  are  plots  of  seat  weight  versus  D:  E.  I. 
for  the  three  types  of  aircraft  with  the  different  curves  representing 
different  body  weights.  The  point's  connected  by  the  solid  lines  are 
data  points  actually  calculated  by  the  computer  of  an  energy  absorber 
with  10=  inches  of  stroke.  In  examining  these  curves  it  appears  that 
the  D.  R.  I.  increases  quite  drastically  as  seat  weight  becomes  greater. 
However,  in  all  cases  where  the  D.  R.  I.  increases  with  seat  weight 
the  energy  absorber  "bottomed  out"  and  exposed  the  man  to  high 
input  accelerations.  For  those  case's  the  D.  R.  I.  time  curve  was 
of  the  general  form  shown  below. 
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It  appears  from  the  shape  of  this  curve  that  if  the  stroke 
length  could  be  extended  the  D.  RVI.  would  be  reduced  to  the  level 
of  Peak  2.  If  this  is  the  case,  then  the  points  connected  by  the 

dashed  lines  would  represent  the  true  effect  of  seat  weight  which 

1 4 

appears  to  decrease  the  D.  R.  I.  witb  added  weight.  This  hypothesis 
-was  . tried-  using  a  stroke  length  of  25  inches  for  a  few  cases  and  the 
results  given  in  Figures  8,  9,  and  10  show  that  the  D;  R.  I.  does 
vary,  inversely  with  seat  weight  if  the  stroke  length  is  long  enough. 

The  graphs  in  Figures  11,  12,  and  13  show  the  effects  of  man 
weight  on  the  D.  R.  I.  for  different  seat  weights.  Here  again  the 
same  problem  with  the  stroke  length  arises.  If  the  stroke  length 
is  10  inches,  the  D.  R.  I.  increases  with  body  weight,  but  the 
energy  absorber  "bottoms  out.  "  This  condition  is  depicted  by  the 
solid  graphs,  while  the  dashed  lines  show  what  could  be  expected 
if  the  stroke  length  was  longer..  Several  cases  using  a  stroke  length 
of  25  inches  were  tried  and  the  results  given  in  Figures  14,  15,  and 
16  do  show  that  ihcreasing  the  man  weight  will  decrease  the  D.  R.  I. 

The  consequence  of  the  preceding  results  is  that  some 
restrictions  can  be  placed  on  some  of  the  system's  parameters' 
for  purposes  of  optimization  and  design  criteria  definition  without 
loss  of  generality  since  the  previous  data  predicts  a  trend 
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when  either  seat  or  man.  weight  is  varied  and  stroke  length  is  long 
enough  to  prevent  the  energy  abimrber  from  "bottoming.  n  These  s 
qualifications  along  with  knowing  what  an  optimum  device  should 
accomplish  now  ease  the  problem  of  optimization  and  definition 
of  design  criteria.  ,  .  '5 

For  optimization  purposes,  the  primary  effort  was  to 
determine  whether  or  not  energy  absorber  criteria  could  be  developed’ 
to  take  advantage  of  the  dynamic  response  of  the  subject.  Is  it 
possible  that  the  standard  square  wave  energy  absorber  force- 
displacement  curve  is  not  the  optimum?  Does  the  man's  response 
significantly  influence  the  design  of  the  absorber?  The  digital 
program  developed  was  generated  to  test  the  hypothesis  that  a  force  - 
displacement  curve  exists  that  is  better  than  the  generally  accepted 
constant  force  absorber.. 

The  initial  approach  to  the  problem  was  an  intuitive  one. 

We  realize,  first  of  all,  that  we  are  attempting  to  develop  an  absorber 
which  will  have  a  minimum  stroke  while  creating  a  tolerable  environT 
ment  for  the  man.  This  is  true  because  if  we  wished  to  maintain 
tolerable  accelerations  only  we  could  have  low  force,  levels  but 
extremely  long  stroke  length  absorbers. 


IT  of ortona*  eiy ,  we  realize  that  by  reciting  the  stroke  we  are  also 
raising  the  forces,  decreasing  the  time  dararioc,  and  generating 
the  force  overshoot  of  the  roan. 

Since  a  long  deration  acceleration  pulse  is  undesirable, 
what  will  the  shcr  •  deration  pulse  cause?  The  limit  of  a  short 
duration  pulse  Is  the  Impulsive  input.  The  deration  of  the  pulse 
is  so  short  that  the  system  responds  not  to  the  waveform  hut 
rather  to  its  area,  the  velocity  change. 

The  response  is  as  shown. 

r  (t)  I 
a 


Time 

This  infers  that  if  we  impulsively  strike  the  system  it  will  reach 
a  peak  value  and  then  decrease  to  zero.  If  the  peak  is  a  limit,  it 
is  desirable  to  get  up  to  the  peak  and  then  hold  it. 
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If  this  is  achieved,  we  are  maintaining  a  constant  acceleration  level 
on  the  man  and  hoping  that  we  will  hoi  exceed  his  limit.  Since  we 
have  a  linear  system  we  can  use  superposition  and  add,  other  input 
impulses  to  create  a  constant  output. 

As  an  example,  two  inputs  and  their  responses  are  shown  as: 


r  (t)  } 

i 


Time 

It  is  apparent  that  the  first  pulse  can  be  used  to  achieve  the  desired 
level  and  that  subsequent  pulses  can  be  added  to  maintain  that  level. 
Can  pulses  be  added  initially  to  get  the  response  more  quickly  up 
to  the  desired  level?  If  this  is  possible,  we  are  approaching  a  square 
wave  output  which  implies  greatest  energy  absorption  for  least  stroke. 
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Unfortunately,  it  is  not  possible..  The  initial  pulse  clearly  dictates 
the  peak  acceleration  level  and  adding  additional  pulses  can  only  be 
attempted  when  their  response  and  the  initial  pulse  response 
collectively  will  not  exceed  the  desired  level.  This  means  that 
there  will  be  a  large  initial  spike,  a  valley  or  "notch”  and  then 
a  series  of  lower  levej  pulses  as  required  to  maintain  a  constant 
value.  The  input  accelerates  the  mass  but  before  the  acceleration 
becomes  too  great  the  input  is  removed  and  the  acceleration  "coasts" 
into  the  tolerable  limit. 

The  description  given  is  directly  applicable  to  the  man  and 
seat.  We  want  an  acceleration  to  the  man  that  causes  him  to  compress 
up  to  a  given  level  and  then  hold  it.  If  this  is  to  be  achieved  the  acceler¬ 
ation  of  the  seat  must  have  the  "notched"  appearance.  Since  the  seat 
acceleration  is  dictated  by  the  forces  of  the  energy  absorber  and  the 
dynamic  response  of  the  man,  the  energy  absorber  force-displacement 
curve  must  create  the  force -time  "notch"  desired.  During  the  initial 
acceleration,  the  man  will  lag  the  input  and  not  generate  large  forces. 
However,  the  seat  will  have  accelerations  nearly  equal  to  the  input 
and  hence  the  forces  generated,  by  the  energy  absorber  will  approximately 
equal  the  seat  mass  times  its  acceleration.  Therefore,  the  force -time 
profile  of  the  energy  absorber  must  have  the  same  "notch.  " 
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With  a  "notched"  absorber  the  seat  acceleration  will  generate 
approximately  the  proper  response  of  the  man. 

2.3.1  WAVEFORM  DETERMINATION  -  HELICOPTER 

The  next  step  was  to  quantitatively  define  a  force -displace¬ 
ment  profile  for  an  optimum  energy  absorber.  From  existing  crash 
criteria  the  40  g  level  was  used  as  a  first  estimate  of  the  permissible 
acceleration  that  could  be  carried  by  the  energy  absorber  structure. 
Assuming  a  helicopter  configuration  with  a  150  pound  seat  and  a 
170  pound  man,  the  peak  force  due  to  inertial  response  of  the  total 
dead  weight  would  be  12,  800  pounds.  Existing  energy  absorber  data 
indicated  possible  loading  rates  of  60,  000  pounds  per  inch  for  the 
initial  crush  of  the  absorber.  This  infers  0.  213  inches  to  a  peak 
force  of  12,  800  pounds.  Assuming  a  symmetrical  pulse  the  total 
impulse  displacement  is  then  0.  420  inches. 

The  plateau  portion  of  force -displacement  curve  is  dictated 
partially  by  the  impulsive  response  but  is  also  the  asymptotic  limit 
for  the  inertial  forces  of  man  and  seat.  After  the  transient  response 
has  decayed,  the  D.  R.  I.  limit  must  be  indicative  of  the  accelerations 
of  the  seat.  A  D.  R.  I.  of  18  was  used  as  the  limit.  Since  this  is  the 
inertial  acceleration  of  the  man  and  seat,  after  transient  response, 
the  force  level  of  the  absorber  must  be  approximately  18  x  320  =  5,  750 
pounds. 
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The  profile  to  be  developed  must  appear  as: 


From  data 'Collected  on  the  Boeing  #3  energy  absorber  it  was 
known  that  about  75,  000  pound -inches  of  energy  would  have  to  be 
dissipated  to  develop  a  severe  but  tolerable  D.  R.  I.  By  adding  the 
energy  increments  of  the  force -displacement  curve  it  was  determined 
that  at  least  12.  5  inches  of  stroke  would  be  required  if  another  0.  213 
inches  were  used  in  getting  from  the  force  valley  to  the  plateau 
magnitude  of  5,  750  pounds. 
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It  was  not  known  where  or  how  big  the  "notch”  should  be  and 
so  several  variations  of  "notch"  location  and  impulse  peak  form 

''  -  :  k 

were  attempted.  The  best  response  was  achieved  when  the  "notch'’ 
immediately  followed  the  impulse  and  had  a  stroke  of  nearly  three 
and  one  half  inches-.  The  plateau  value  was  decreased  from  the 
initially  assumed  5,  750  pound  level  and  the  peak  was  increased  to 
14,  200  pounds.  The  selected  waveform  and  its  response  are  shown, 
in  Figure  17  and  18. 

The  curve  in  Figure  18  indicates  that  it  is  possible  to  develop 
an  energy  absorber  force -displacement  profile  which  will  generate 

•*  i 

a  nearly  constant  D.  R.  I. 

The  waveform  of  Figure  17  is  the  "optimum"  for  a  170  pound 
man,  a  150  pound  seat,  and  the  helicopter  acceleration  input  shown 
in  Figure  3.  It  is  assumed  that  the  150  pound  seat  is  the  parameter 
of  least  variability.  The  variation  of  response  with  man's  weight 
and  acceleration  input  as  variables  has  to  be  examined. 

Consider  first  the  effects  of  changes  in-the  acceleration  input. 

The  acceleration  for  the  helicopter  was  assumed  to  be  115  g  and  .  030 
seconds  duration.  This  is  a  severe  but  potentially  survivable  environment. 
Suppose  the  acceleration  input  is  of  less  severity. 
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First,  "less  severity"  must  be  defined.  If  we  assume  that  the 
waveform  generated  as  input  to  the  energy  absorber  is  a  function 
Of  the  elastic  characteristics  of  the  helicopter,  then  it  is  reasonable 
to  assume  that  even  a  less  severe  crash  will  generate  the  same 
time  duration  of  the  response.  A  system  subjected  to  a  transient 
input  will  respond  by  oscillating  at  its  own  natural  frequency  regard¬ 
less  of  the  magnitude  of  the  input.  It  is  not  completely  independent 
of  the  waveform  of -the  input,  but/for  this  investigation  it  seems  more 
reasonable  to  assume  that  "less  severity"  implies  reduced  amplitude 
only  and  not  scaled  -magnitude  and  time.  Therefore,  acceleration 
inputs  were  examined  having  the  same  time  base  but  with  scaled 
amplitude. 

The  energy  absorber  found  has  an  initial  force  spike  of  14,  200 
pounds.  This  requires  a  certain  amount  of  input  acceleration  to  get 
the  absorber -to  actuate.  As  the  input  acceleration  is  reduced,  a  point 
is  reached; where  the  input  is  insufficient  to  generate  the  14,  200  pounds. 
The  absorber  then  acts  as  a  high  stiffness  element  and  the  man  over¬ 
shoots  the  input.  As  the  input  is  further  reduced,  even  the  "overshoot" 
of  the  response  will  not  exceed  allowable  limits.  Hence,,  if  a  large 
force  spike  exists  on  the  energy  absorber  it  may  be  extremely  efficient 
in  getting  the  man  "up  to  speed"  quickly. 
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But  it  may  create  a  band  of  acceleration  inputs  where  the  most 
critical  human  response  occurs  with  less  severe  input. 


In  order  to  investigate  this  problem,  it  was  necessary  to  study 
several  variations  of  absorber  waveform  and  input  acceleration.  The 
first  attempt  made  was;to  reduce  the  peak  force  magnitude  to  one  half 
of  the  "optimum"  value  and  examine  variations  of  the'  "notch.  11  By 
reducing  the  peak  value,  the  loss  of  strain  energy  would  have  to  be 
introduced  elsewhere  and  hence  the  notch  variation  was  examined  to 
determine  how  and  where  the  lost  energy  could  be  reintroduced. 
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The  response  curves  given  in  Figure  19  for  a  reduced  energy 
absorber  waveform  with  a  7, 100  pound  peak  show  that  the  initial 
energy  loss  does  cause  the  response  to  be  distorted  and  the  optimum 
D.  R.  I.  waveform  becomes  a  curve  with  a  slight  dip  at  40  milli¬ 
seconds  and  peak  at  80  milliseconds  arid  a  5  per  cent  greater  response. 
The  form  of  this  response  suggests  that  the  man  should' be  subjected 
to  a  greater  acceleration  onset  rate  in  the  beginning  of  the  energy 
absorber  stroke  and  a  lower  acceleration  at  the  end.  In  terms  of  the 
energy  absorber  characteristic's  this  means  that  more  energy  should 
be  dissipated  in  the  first  part  of  the  stroke  and  less  energy  in  the  last 
part.  This  means  the  energy  absorber  characteristics  curve  should  have 
the  following  form. 
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If  the  stroke  (  A'L)  of  the  "notch"  of  the  energy  absorber 
used  for  Figure  19  is  reduced,  the  response  becomes  more  repre¬ 
sentative  of  the  desired  D.  R.  I.  time  profile.  This  suggests,  that 
two  approaches  should  be  looked  at.  The  "notch"  waveform  approach 
can  be  continued  to  examine  the  effects  of  input  variations,  and  a 
peak  and  plateau  absorber  of  the  following  form  can  also  be  examined-.. 


The  next  step  was  to  find  what  happens  when  the  input  is  reduced. 

The  results  of  a  preliminary  investigation, with  a  "notched" 
energy  absorber  are  presented  in  Figure  20.  The  curves  shown, 
are  the  responses  that  are  generated  by  reducing  the  input  wave¬ 
form.  That  is,  the  amplitude  of  the  acceleration  input  is  multiplied 
by  0.  9,  0.  8,  etc.,  to  observe  the  response  as  the  input  is  reduced. 
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The  curves  demonstrate  that  a  reduction,  in  input  does  not  always 
generate  a  reduction  in  response;  Even  though  the  input  is  reduced 
to  less,  than  half  of: the  original  magnitude,  it  is  possible  to  have  a 
response?  that  exceeds  the  levels  generated  at  maximum  input 
acceleration  as  shown.by  the  curve  with  0.  4  of  the  maximum  input. 

The  response  has  a  D.  R.  I.  of  21. 2  while  the  maximum  input  only 
generated  a  D.  R.  I.  of  18.  2. 

Knowing  that  the  reduction  in  acceleration  inputs  can  have 
a  dangerous  effect  on  a  seated  man  and  that  a  "notched"  and  un¬ 
notched  energy  absorber  should  be  examined,  the  ratio  inputs  were 
tried  with  both  types  of  energy  absorbers.  The  results  are  shown 
in  Figures  21  and  22.  The  characteristic  curve  for  each  energy 
absorber  was  determined  by  finding  a  waveform  for  the  maximum 
input  that  matched  the  energy  absorber  curves  in  Figure  19.  That 
is  the  response  for  RA-1.  0  in  Figure  21  and  22  matches  the  response 
for  A  L  =  3.  8  and  0.  8  respectively  in  Figure  19.  This  correspondence 
now  provides  a  means  of  comparison  between  the  two  energy  absorber 
types,  "notched"  and  "un-notched.  " 

Examination  of  the  curves  presented  in  Figures  21  show  that 
the  "notched;"  absorber  D.  R.  I.  responses  fall  below  a  peak  level  of 
19.  2  except  the  curve  for  RA=0.  4  which  has  a  peak  D.  R.  I.  of  19.  9. 
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Since  these  peak  D.  R.  I.  levels  can  be  adjusted  down  to  a  level 
of  18  by  slightly  lowering  the  forces  of  the  energy  absorber,  it 
appears  that  the  "notched”  type  absorber  can  be  optimized  to 
protect  a  170  pound  man  from  any  crash  waveform  up  to  the  max? 
imum  expected  providing  the  stroke  length  is  long  enough.  The 
un-notched  energy  absorber  generates  the  responses  shown  in 
Figure  22  which  demonstrate  that  successively  lower  inputs 
generate  approximately  the  same  peak  D.  R.  I.  (19.?8)  until  the 
input  is  reduced  to  0.  3  of  the  initial  value.  Here  again  the  force . 
levels  of  the  absorber  could  be  adjusted  to  bring  the  'peak  D.  R.  I. 
level  down  to  18  for  the  maximum  expected  input,  but  lower  inputs  ' 
would  still  generate  responses  which  had  peak  D.  R.  I.  levels  equal  - 
to  18.  This  means  that  the  probability  of  injury  will  remain  tiie  same 
for  the  "un-notched"  energy  absorber  even  though  the  input.  is  reduced., 
The  "notched"  energy  absorber  does  not  exhibit  this  characteristic 
because  a  reduction  in  the  input  results  in  a  lower  D.  R.  I.,  except 
for  cases  where  the  energy  absorber's  stroke  is  very  small 
(RA  =  0.4  and  0.3).  However,  in  these  cases,  the  peak  D.  R..L  level 
still  remains  below  the  peak  generated  by  the  initial  input.  Therefore, 
it  appears  that  the  "notched"  type  energy  absorber  is  an  optimum  for 
a  170  pound  man  and  150  pound  seat  with  the  selected  helicopter  input 
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line  next  point  to  consider  is  the  variation  of  the  mamBs  welghL 
From  all  the  data  collected  and  that  specifically  shown  in  Figures  M 
ihra  16,  it  is  apparent  that  an  increase  in  the  man's  weight  will  lower 
the  ELR-L  best  increase  the  stroke.  Therefore,  it  can  he  said  that 
the  optimum  energy  absorber  designed  for  a  170  pcsmd  man  would 
also  work  for  a  205  pocxc  iS5th  percentile)  man  providing  the  stroke 
length  is  long  enough,  if  the  stroke  length  is  critical,  it  can  he 
shortened  provided  the  force  levels  of  the  energy  absorber  are  raised 
so  that  the  amount  of  energy  dissipated  is  similar  to  the  previous 
absorber;.  The  D.  R.  JL  may  or  may  not  increase  depending  on  how 
the  force  levels  are  adjusted,  but  levels  can  he  found  which  will 
generate  responses  that  have  a  D.  R.  I.  of  13  or  less  for  a  205  pound 
man. 


Hie  reaction  of  a  135  pound  ("Jh  percentile)  man  with  an 
energy  absorber  designed  for  a  170  pound  man  presents  the  opposite 
situation  from  that  of  the  heavier  man.  The  data  previously  presented 
(Figures  14  thru  16)  very  definitely  shows  an  increase  in  D.  R.  I.  with 
a  decrease  in  man  weight.  A  case  was  tried  to  see  if  this  trend  held 
for  the  energy  absorber  designed  for  a  170  pound  man  and  is  shown  in 
Figure  21.  The  results  was  a  10  percent  increase  in  D.  R.  1.  for  a 
135  pound  man,  therefore,  an  optimum  energy  absorber  designed  for 
a  170  pound  man  will  not  work  for  a  lighter  man,  but  an  absorber 
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designed  for  a  135  pound  man  will  protect  heavier  subjects  provided 
the  stroke  length  is  long  enough-  Since  the  response  of  the  135  pound 
man  generated  a  peak  D.  R.  I.  of  21. 5  with  the  ^notched"  energy  absorber 
used  above,  the  force  levels  were  slightly  reduced  to  bring  the  peak 
D.  R.  I.  down  and  the  responses  found  to  a  variation  of  inputs.  The 
results  are  shown  in  Figure  23  and  indicate  that  this  absorber  would 
protect  the  5th  thru  85th  percentile  man  (135  to  205  pound)  seated  in 
a  150  pound  seat  and  subjected  to  the  selected  helicopter  input  waveform. 

2.3.2.  WAVEFORM  DETERMINATION  -  TRANSPORT 

A  similar  approach  was  taken  for  the  transport  configuration 
with  more  immediate  success.  An  optimum  characteristic  curve 
shown  in  Figure  24  was  found  for  the  baseline  170  pound  man  and 
50  pound  seat.  The  D.  R.  I.  response  using  this  energy  absorber  is 
shown  in  Figure  25  and  indicates  that  the  curve  is  not  as  flat  as  the 
helicopter .  However,  this  could  be  achieved  with  additional  manipulation 
of  the  "notch"  location.  After  the  optimum  was  found  two  variations 
were  again  examined.  One  was  the  peak  with  no  notch,  and  the  other 
a  "notched”  configuration.  The  ones  found  were  not  capable  of  generating 
identical  peak  D.  R.  I.  The  optimum  generated  a  maximum  value  of  13. 4, 
the  peak-plaieau  a  value  of  18.7,  and  the  "notched"  a  value  of  16.  9. 

Hence,  the  two  curves  are  1.  6  percent  high  and  8. 1  percent  low. 
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Both  configurations  were  examined  for  less  severe  inputs.  Once 
again,  ratios  of  the  input  were  examined  and  the  results  shown  in 
Figures  26  and  27.  The  "un-notched"  waveform  (Figure  27)  generates 
extreme  values  of  D-  R.  1.  at  all  values  of  input  acceleration  less 
lisan  the  maximum  and  greater  than  one  half  the  input.  An  acceleration 
input  with  less  peak  acceleration  and  less  velocity  change  than  the 
selected  maximum,  generates  a  greater  response. 

This  phenomenon  is  not  observed  for  the  'notched'*  waveform.  . 
(Figure  26).  As  the  input  peak  is  reduced,  the  maximum  response 
does  increase  but  never  exceeds  the  maximum  allowable  of  18. 0. 

This  type  energy  absorber  appears  to  be  an  optimum  for  baseline 
conditions  cl  a  5G  pound  seat,  a  170  pound  man  and  the  selected 
transport  input  acceleration. 

4?.  for  the  helicopter,  the  variation  in  man  weight  was  also 
considered  and  the  same  conclusions  reached.  The  responses  of  a 
135  pound  man  are  shown  in  Figure  28  for  an  energy  absorber  with 
slightly  lower  force  levels  than  the  one  above.  The  curves  illustrate 
that  a  135  pound  man  can  be  protected  using  an  energy'  absorber  with 
a  "notched"  type  characteristic  curve.  A  heavier  man  of  205  pounds 
would  also  be  protected  by  this  device  if  the  stroke  was  long  enough. 


2.  3.  3  WAVEFORM  DETERMINATION  -  FIGHTER 

The  baseline  configuration  f6r  the  fighter,  170  pound  man 
and  250  pound  seat  was  best  fitted  with  the  notched  absorber  con¬ 
figuration  of  Figure  29,  which  generated  a  response  shown  in  Figure  30. 

A  truncated  configuration.  Figure  31,  was  also  developed  to  study  the 
effects  of  less  se-zere  inputs.  No  attempt  was  made  to  determine 
an  “un-notched"  waveform  since  the  commercially  available  configurations 

m 

were  approximately  comparable  to  the  force -displacement  levels  required. 
The  optimum  curve  does  maintain  a  relatively  constant  D.  R.  I. ,  but 
the  truncated  waveform  does  require  improvement.  If  the  truncated 
waveform  were  to  be  improved,  the  initial  plateau  value  of  5400  skould 
be  raised.  This  would  cause  the  peak  response  at  lower  input  levels 
to  more  closed  approach  a  D.  R.  I.  of  IS.  The  present  curve  is  nearly 
18.  0  (18.  6)  for  the  extreme  inputs,  but  only  reaches  a  value  of  14. 2 
when  the  input  is  three  tenths  of  the  maximum.  If  the  plateau  were 
raised,  the  18.  6  value  would  be  changed  onli-  slightly  but  the  response 
to  reduced  inputs  raised.  This  would  result  in  a  more  efficient  absorber 
waveform  because  more  energy  is  dissipated  within  the  same  stroke. 

The  response  of  a  135  pound  man  to  the  initial  and  reduced  waveforms 
was  also  tried  for  the  truncated  "notched"  energy  absorber.  The  results 
are  presented  in  Figure  32  and  the  conclusions  are  the  same  as  those 
mentioned  for  the  helicopter  and  transport. 


2.4  ANALYSIS  OF  EXISTING  ENERGY  ABSORPTION  DEVICES 
The  force -time  profiles  of  existing  energy  absorbers  pre- 

.viously  tested  by  ACED  and  documented  in  Report  No.  NADC-AC-6905 

* 

"Dynamic  Testing  of  Energy  Attenuating  Devices"  were  reduced  to 
provide  force -deflection  curves  and  these  were  properly  formatted 
for  entry  into  the  digital  program.  The  technique  used  for  deriving 
the  force -deflection  curves  is  completely  described  in  Appendix  IV. 
This  method  consists  of  plotting  the  relative  acceleration  between 
the  test  platform  and  the  dead  weight  and  then  graphically  integrating 
twice  to  obtain  the  deflection-time  profile  of  the  energy  absorber. 

This  curve  and  the  load  cell  force -time  history  are  then  used  to 
generate  the  force -deflection  curves  by  finding  force  and  deflection 
values  that  occur  at  the  same  time. 

The  calculation  of  the  force -deflection  curves  required  that 
the  load  cell  record  and  the  acceleration  records  of  the  platform 
and  dead  weight  be  complete.  For  cases  where  overshoot  occurred 
and  the  trace  disappears,  the  force -deflection  curves  could  not  be 
obtained.  These  tests  are  listed  below: 

1.  ARDE  -  Test  No.  4 

2.  BCEING  -  Test  No.  2 

3.  ALL  AMERICAN  -  Test  No.  1 
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The  calculation  of  the  force  -displacement  curve  for  the  ARDE 
torsional  energy  absorber  for  Test  No.  1  indicates  that  the  data  is 
invalid;  beyond  approximately  52  milliseconds,  since  relative  velocity 
changes  directions  and  therefore  relative  displacement  becomes 
smaller  starting  at  this  point.  It  was  indicated  in  the  report  that 
for  Test  No.  1  not  enough  energy  was  imparted  to  the  device  to  allow 
it  to  respond  properly.  The  device  deflected  only  a  total  of  3/8  of  an. 
inch  as  compared  to  over  3  inches  for  Tests  2  and  3. 

The  remaining  nine  energy  attenuating  devices  have  their 
force -deflection  curves  calculated  and  put  in  the  proper  format  for 
use  in  the  computer  program.  These  devices  are  listed  below,  and 
their  characteristics  are  shown  in  Appendix  IV. 

1.  ARDE  -  Test  No.  2 

2.  ARDE  -  Test  No.  3 

3.  BOEING  -  Test  No.  I 

4.  BOEING  -  Test  No.  3 

5.  MECHANICS  RESEARCH  INC. 

6.  ARA  INC.  -  Test  No.  1 

7.  ARA  INC.  -  Test  No.  2 

8.  ARA  INC.  -  Test  No.  3 

9.  ALL  AMERICAN  -  Test  No.  2 

Upon  completion  of  putting  the  force  deflection  curves  in  the 
pi’oper  format  for  the  computer  program  each  energy  absorber  was 
entered  into  the  program  and  evaluated  for  each  aircraft  type  with 
three  body  weights  of  135,  170,  and  205  pounds  which  represent  the 
5th,  uOth  and  95th  percentile  man. 


2-39 


The  results  of  these  81  cases  are  presented  in  Appendix  V  as  graphs 
which  show  how  the  D.  R.  I.  varies  with  man  weight  providing  the 
stroke  lengths  are  long  enough.  Also  it  appears  that  the  devices 
manufactured  by  the  same  company  provide  similar  response  and 
therefore  for  purposes  of  comparing  with  the  design  criteria  only  the 
following  devices  were  considered. 

1.  ARAINC.  #3 

2.  ARDE  #2 

3.  ALL  AMERICAN 

4.  BOEING  #3 

5.  M.  R.  I. 

These  devices  along  with  a  square  wave  that  had  a  peak  force 
of  3960  pounds  were  evaluated  for  a  170  pound  man,  50  pound  seat, 
and  the  .transport  input  waveform.  To  match  the  design  criteria  for 
optimum  energy  absox-bers,  the  inputs  were  reduced  and  the  response 
recorded  for  a  maximum  stroke  length  of  25  inches.  The  results  are 
shown  in  Figures  33  thru  38.  All  the  devices  tested  generated  D.  R.  I. 
responses  in  excess  of  18  which  indicates  that  nur.e  uf  the  energy  absorbers 
would  protect  the  man  for  the  transport  conditions.  Three  of  the  energy 
absorbers  exhibit  the  phenomena  of  producing  higher  peak  D.  R.  I.  *s 
when  the  input  is  lowered. 
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These  are  ARDE  #2,  ALL  AMERICAN  and  BOEING  #3.  The  MRI 


absorber  response  curves  appear  indicative  of  the  impulse  response 
of  a  single  degree  of  freedom  system.  This  is  to  be  expected  since 
the  force  level  of  the  MRI  device  is  so  high  (10,  000  pound)  that  the 
energy  absorber  is  essentially  a  rigid  link  between  the  point  where 
the  input  is  applied  and  the  seat. 

The  square  wave  absorber  whose  responses  are  shown  in 
Figure  38  was  found  by  considering  the  man  as  a  rigid  mass.  If 
we  say  we  want  the  maximum  seat  acceleration  to  be  18  g's  then 
the  following  calculations  will  determine  the  force  level  of  the 
energy  absorber. 

Wt  =  Wj  *  W2  Total  Weight 

W  =  50  +  170  =  220  lb. 

t 

F  =  18-220  Energy  Absorber  Force 

ea 

F  =  3960  lb. 

ea 

This  is  the  force  level  that  was  used  for  the  square  wave  absorber. 
The  responses  show  that  four  of  the  eight  curves  overshoot  a  D  R  I. 
level  of  18  and  the  overshoot  is  due  to  the  man  responding  as  a 
dynamic  system  and  not  as  a  rigid  mass. 


A  square-wave  energy  absorber  that  generated  a  D.  R.  I.  of  18  or 
less  would  have  a  lower  force  level  ;han  the  one  used  in  Figure  38, 
but  the  stroke  would  be  longer. 

A  comparison  table  of  the  existing  energy  absorbers  and  the 
optimum  absorbers  developed  which  lists  peak  D.  R.  I*  stroke  length, 
and  aircraft  type  is  given  in  Table  V.  The  absorbers  listed  under 
the  commercial  heading  were  the  devices  evaluated  on  this  program 
while  the  theoretical  heading  lists  energy  absorbers  described  by 
the  design  criteria  discussed  in  the  previous  section.  A  direct 
comparison  of  individual  energy  absorbers  is  somewhat  difficult 
since  the  D.  R.  I.  man  weight  and  stroke  length  vary,  but  some 
general  conclusions  can  be  drawn  for  each  aircraft  type.  For  the 
fighter  with  a  17C  pound  man  the  ARA  INC.  #2  energy  absorber 
and  the  fighter  optimum  have  the  same  D.  R.  I.  but  the  ARA  INC. 
device  requires  two  more  inches  of  stroke.  The  remainder  of  the 
commercial  absorbers  except  the  M.  R.  I.  all  have  lower  D.  R.  I. 
values  for  the  same  man  weight,  but  show  stroke  lengths  of  20  inches 
or  greater.  The  M.  R.  I.  device  has  a  lower  stroke  (9.  7  inches)  and 
a  higher  D.  R.I.  (33.  3)  which  is  expected  because  it  is  a  much  stiffer 
absorber  than  the  others.  The  two  "notched"  energy  absorbers, 
designed  to  handle  reduced  inputs,  have  acceptable  D.  R.  I.  values, 
but  very  long  stroke  lengths. 
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A  direct  comparison  with  other  devices  is  not  possible  since  the 
calculation  time  is  twice  as  long.  The  square  wave  absorber  designed 
for  a  rigid  mass  and  an  18  g  seat  acceleration  compares  unfavorably 
with  the  fighter  optimum  because  it  results  in  a  much  higher  injury 
probability.  The  probability  of  injury  for  the  fighter  optimum  is  only 
0.  06  and  for  the  square  wave  it  is  0.  5. 

By  making  similar  comparisons  with  the  helicopter  optimum 
and  the  transport  optimum  it  is  seen  that  these  devices  are  apparently, 
better  for  their  respective  aircraft  than  any  of  the  other  commercial 
devices  listed.  The  optimum  energy  absorbers  maintain  a  tolerable 
level  for  the  man  and  use  less  stroke  than  the  commercial  devices. 

Again  the  square  wave  absorber  D.  R.  I.  values  show  that  higher  injury 
probabilities  will  result  when  this  device  is  used. 

The  values  in  Table  V  can  become  deceiving  should  the  conditions 
under  which  they  were  found  be  forgotten.  The  optimum  energy  absorber 
for  each  aircraft  was  determined  for  one  man  weight  and  seat  weight 
for  the  maximum  input.  The  "notched 11  absorbers,  on  the  other  hand; 
were  designed  to  handle  peak  and  reduced  input  accelerations.  All 
of  the  numerical  values  in  Table  V  were  calculated  by  the  computer 
program  using  the  maximum  accelerations,  but  several  devices  listed 
generate  higher  D.  R.  I.  values  with  reduced  inputs.  Figures  33  thru  38 
should  be  checked  for  this  phenomenon. 
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If  the  above  conditions  are  kept  in  mind  when  using  the  table,  com¬ 
parisons  of  the  different  energy  absorbers  can  be  made. 

2.5  DISCUSSION 

It  has  been  shown  that  for  a  given  set  of  conditions,  man 
weight,  seat  weight  and  input  acceleration  waveform;  an  optimum 
force -displacement  curve  can  be  found.  As  long  as  the  input  is  of 
short  duration,  less  than  a  tenth  of  a  second,  the  dynamic  response 
of  the  man  creates  a.force  overshoot  and  this  can  be  compensated 
for  by  having  a  "notched11  absorber.  This  type  device  differs  quite 
drastically  from  the  traditional  square  wave  force -displacement 
absorber.  The  square  wave  device  will  dissipate  the  most  energy 
for  a  given  stroke  length,  but  will  generate  an  acceleration  input 
to  the  seated  man  which  wil1  result  in  a  high  probability  of  injury. 
Because  the  man  responds  as  a  lightly  damped  dynamic  system, 
a  square  wave  absorber  causes  higher  seat  accelerations  than 
anticipated.  This  also  subjects  the  man  to  greater  accelerations 
which  generates  higher  forces  in  the  spine.  This  means  a  greater 
probability  of  injury.  The  design  criteria  developed  in  the  previous 
section  takes  the  man's  response  into  account;  and,  for  an  energy 
absorber  that  is  a  passive,  elastic  element,  the  optimum  for  a  given 
set  of  conditions  is  a  "notched"  force-displacement  absorber. 


2 


44 


Unfortunately,  it  is  usually  not  possible  to  design  for  a 
given  set  of  fixed  parameters  and  a  range  of  values  must  be 
considered.  The  absorber  must  act  in  conditions  of  less  severe 
inputs.  If  the  absorber  has  a  high  peak  value  initially  it  is  possible 
that  an  injurious  input  could  be  less  than  the  actuation  level  of  the 
absorber  and  hence  the  absorber  would  act  as  a  stiff  elastic  element 
rather  than  a  energy  dissipating  device.  This  can  be  overcome  by 
truncating  the  initial  peak  value  and  compromising  on  the  efficiency 
of  the  absorbers. 

* 

The  truncated  and  notched  absorber  will  work  for  all 
acceleration  input  levels  provided  that  the  forces  levels  of  the 
absorber  are  low  enough.  The  levels  are  not  necessarily  dictated 
by  the  maximum  input  but  by  some  lesser  input  that  creates  a  maximum 
response. 

If  it  is  desired  to  develop  the  passive,  plastic  absorber 
there  are  three  methods  of  approach  that  can  be  followed. 

1)  Design  for  the  ultimate  response.  This  is  the  approach 
that  was  taken  in  the  previous  section.  An  absorber  curve  is  found 
that  will  not  create  a  response  greater  than  a  selected  D.  R.  I.  value, 
regardless  of  the  severity  of  the  input. 
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This  approach  results  in  long  stroke  lengths  and  an  absorber  that 
is  the  result  of  compromising  various  segments  of  the  curve  in 
order  to  insure  that  three-tenths  or  seven-tenths  of  the  maximum 
input  doesn't  overshoot  the  allowable. 

2)  Additional  passive  elements  can  be  .eluded  into  the 
energy  absorber.  Just  as  a  peak -valley -plateau  was  found  for  a 
maximum  input,  a  peak -valley -plateau  can  be  found  for  each  level 
of  the  input.  Is  it  then  possible  to  develop  an  absorber  with  not  only 
elastic  bat  viscous  elements  that  can  create  all  of  the  optimum  force- 
displacement  curves?  If  the  worst  condition  exists  at  a  less  severe 
input,  then  it  is  possible  that  a  viscous  element  might  improve  the 
system.  At  high  levels  of  input  with  relatively  large  velocity  changes 
the  damper  would  generate  large  forces  which  when  added  to  the 
elastic  forces  would  create  the  peak  values  required.  At  lesser 
input  levels  the  damper  would  not  contribute  significantly  and  hence 
the  elastic  force  could  be  set  at  a  magnitude  that  would  not  create 
an  injurious  overshoot  of  the  man. 

Additional  emphasis  should  be  placed  upon  finding  the 
optimum  for  many  levels  of  input.  It  was  originally  anticipated 
that  the  peak  magnitude  of  the  absorber  would  have  to  be  reduced 
mainly  to  insure  that  reduced  acceleration  inputs  could  permit 
some  stroking  of  the  absorber.  However,  in  the  analysis  it  was 
seen  that  the  dynamics  of  the  system  can  generate  more  severe 
responses  with  less  severe  inputs. 
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It  is  net  necessary  that  the  absorber  fail  to  stroke  to  get  an  increased 
response.  The  dynamics  of  the  system  alone  cangenerate  greater 
response  for  lesser  inputs.  This  makes  the  total  problem  more 
complex  in  that  it  is  difficult  to  say  what  the  worst  environment  really 
is. 

3)  A  statistical  approach  can  be  taken.  The  D.  R.  I. 
concept  has  associated  with  it  a  statistical  measure  of  injury.. 
Similarly  the  man's  weight  and  the  input  acceleration  have  statistical 
distributions.  Is  it  possible  that  a  cumulative  injury  criteria  can  be 
established  as  a  criteria  for  energy  absorber  design?  As  an  example 
consider  the  truncated  and  notch  helicopter  waveform  for  a  170  pound 
man.  The  response  at  maximum  input  is  a  D.  R.  I.  of  19.  This  has 
a  probability  of  injury  of  greater  than  five  percent.  As  the  input 
is  reduced  the  response  eventually  overshoots  and  develops  a  Dl  R.I. 
of  nearly  20  for  an  input  equal  to  four -tenths  of  the  maximum.  From 
other  criteria  such  as  the  Army 's  Crash  Survival  Design  Guide,  there 
is  a  probability  curve  associated  with  magnitude  of  the  input.  In  other 
words,  there  is  a  finite  probability  that  ths  crash  will  indeed  be  near 
four-tenths  of  the  assumed  maximum.  Is  the  cumulative  probability 
of  injury,  a  D.  R.  I.  of  20,  and  the  occurrence  of  an  input  of  four-tenths 
of  the  assumed  maximum,  sufficient  to  compromise  the  absorber 
waveform. 


2-47 


This  appr  oachultimately  leads  to  a  cumulative  injury  criteria  as 

a  basis  for  energy  absorber  criteria.  The  probability  of  being 

* 

at  or  near  the  "maximum”  input  acceleration  is  a  value.  At 
that  level  the  D.  R.  I.  will  be  another  value  with  an  associated 
probability.  Assuming  these  are  statistically  independent,  there 
is  then  a  cumulative  probability  of  injury  at  that  particular  input 
acceleration  band  width  which  is  the  product  of  the  two.  If  this 
is  duplicated  for  all  band  widths  and  the  numbers  summed,  an  injury 
potential  of  the  absorber  is  developed.  In  this  manner  it  is  possible 
to  quantitatively  tradeoff  probability  of  injury  with  absorber  design 
characteristics.  If  it  can  be  shown  that  the  four  ^-tenths  overshoot 
does  not  significantly  influence  the  total  injury  potential,  then  the 
absorber  design  can  be  more  efficient.  If  the  occurrence  of  an 
input  is  remote,  then  the  probability  of  injury  at  that  input  can  be 
high  and  the  absorber  can  be  designed  to  take  advantage  of  it. 

4)  There  is  another  means  of  achieving  the  desired  force - 
displacement  for  various  combinations  of  conditions.  This  is  of 
course  the  active  feedback  system.  Just  as  it  was  mentioned  ir 
connection  with  passive  elements,  active  feedback  control  elements 
could  also  be  designed  to  adjust  the  response  as  functions  of  relative 
velocity  or  force  generated.  Active  systems  are  usually  equated  with 
complex  ar.d  expensive  systems.^  However,  it  is  a  means  that  could 
and  should  be  pursued. 
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PROGRAM  ,  OUTPUT 


FIGURE  1  COMPUTER  PROGRAM  FLOW  DIAGRAM 


FIGURE  2  FIGHTER  INPUT  ACCELERATION 


FIGURE  3  HELICOPTER  INPUT  ACCELERATION 


A£FT  ~  TRANSPORT 


FIGURE  4  TRANSPORT  INPUT  ACCELERATION 


AC  FT  -  FIGHTER 
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FIGURE  5  PRELIMINARY  FIGHTER  SEAT -WEIGHT  CURVES, 


FIGURE  6  PRELIMINARY  HELICOPTER  SEAT  WEIGHT  CURVES 


V  +i 

U  3 

cfl  O 


inoS 

m  t>  © 
■—<>—< 


c  C  c  v  « 

*  * |  .3  £ 

.  C 

555  c5~£ 

nog  •[*  m  • 

2£S  *£< 

O0O  | cw 
z  .3  * 


o  o 
o’  o 


,!• 


1  1 
I  I  I 
sj  1  1 
p  00 

fa  ;  1 
.  <  / 

05  /  / 


\  /  / 

k/ 


rl  CO 

<N  <M 


O 

--  o 
« 


FIGURE  7  PRELIMINARY  TRANSPORT  SEAT  WEIGHT  CURVES 


ACET  -  FIGHTER 


FIGURE  8  FIGI-ITER  SEAT  WEIGHT  CURVE 


ACFT  -  HELICOPTER 


FIGURE  9  HELICOPTER  SEAT  WEIGHT  CURVE 
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FIGURE  10  TRANSPORT  SEAT  WEIGHT  CURVES 
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FIGURE  II  PRELIMINARY  FIGHTER  MAN  WEIGHT  CURVES, 
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FIGURE  12  PRELIMINARY  HELICOPTER  MAN  WEIGHT  CURVES 
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FIGURE  13  PRELIMINARY  TRANSPORT  MAN  WEIGHT  CURVES 
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FIGURE  14  FIGHTER  MAN  WEIGHT  CURVE 
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FIGURE  15  HELICOPTER  MAN  WEIGHT  CURVE 
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Man  Weight  -  170  lb. 
Seat  Weight  -  150  lb. 
Stroke  Length  s  15.  0  in. 


FIGURE  18  -  PRELIMINARY  ENERGY  ABSORBER  RESPONSE  -  HELICOPTER 
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FIGURE  21  -  REDUCED  INPUT  RESPONSE  NO.  2  -  HELICOPTER 
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FIGURE  23  -  REDUCED  INPUT  RESPONSE  NO.  4  -  HELICOPTER 
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FIGURE  24  -  PRELIMINARY  OPTIMUM  ENERGY  ABSORBER  ••  TRANSPORT 


FIGURE  25  -  PRELIMINARY  ENERGY  RESPONSE  -  TRANSPORT 


Lengths 


FIGURE  26  -  REDUCED  INPUT  RESPONSES  NO .  I  -  TRANSPORT 
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FIGURE  27  -  REDUCED  INPUT  RESPONSES  NO.  2  -  TRANSPORT 


Stroke 

Lengths 


FIGURE  28  -  REDUCED  INPUT  RESPONSES  NO.  3  -  TRANSPORT 
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FIGURE  30  -  PRELIMINARY  ENERGY  ABSORBER  RESPONSE  -  FIGHTER 
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FIGURE  31  t  REDUCED  INPUT  RESPONSES  NO.  1  -  FIGHTER 


TIME  M  SEC, 

IGURE  32  -  REDUCED  INPUT  RESPONSES  NO.  2  -  FIGHTER 


Stroke 

Lengths 


FIGURE  33  -  ARA  INC.  NO  3  -  EVALUATION  CURVES 


Stroke 

Lengths 


FIGURE  34  -  ARDE  NO.  2  -  EVALUATION  CURVE 


FIGURE  35  -  ALL  AMERICAN  EVALUATION  CURVES 


FIGURE  36  -  BOEING  NO.  3  -  EVALUATION  CURVES 
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FIGURE  38  -  SQUARE  WAVE  EVALUATION  CURVES 


FIGURE  39  -  INJURY  PROBABILITY  CURVE 
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APPENDIX  I  -  COMPUTER  PROGRAM  USERS  GUIDE  . 

The  computer  used  for  this  stiidy  program  is  listed  on  the 
following  two  pages  and  is  discussed  in  the  subsequent  paragraphs 
with  a  complete  listing  of  the  terms  following  the  discussion. 

The  initial  cards  establish  the  constants  to  be  used  in  speci¬ 
fying  the  structural  constants.  The  aircraft  floor  stiffness  is  (K6) 
and  damping  is  (C6).  The  impact  velocities  for  each  acceleration 
waveform  are  Al,  A2,  and  A3. 

The  first  three  constant  function  cards,  CFN,  represent  the 
acceleration  waveforms  used  as  inputs.  The  number  within  the  field 
indicates  the  number  of  time  data  points  within  the  field.  If  it  takes 
10  points  to  describe  the  acceleration  input,  CFN  (10.  0)  would  be  re¬ 
quired.  The  last  CFN  card  represents  the  energy  absorber  as  a 
function  of  displacement  and  a  series  of  ten  points.  The  parameter 
carets  are  those  inputs  that  are  used  to  study  the  variations  of  response 
with  input  parameters.  The  user  has  the  capability  to  put  in  any 
variation  of  subject  weight,  WX;  seat  weight,  W2;  aircraft  type,  AC; 
energy  absorber  stroke,  SL;  number  of  energy  absorbers.  NE;  and 
RA  input  reduction  factor. 

The  function  cards  establish  the  functional  relationship  between  ' 
the  parameters  on  the  constant  function  cards.  That  is,  'FUN  (AJ,  T) 
indicates  that  the  data  on  the  CFN  card  AJ  is  a  function  of  time,  T. 
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***MIMIC  SOURCE-LANGUAGE  PROGRAM*** 


|d  “ 

* 

IMPACT  RESPONSE  OF  SEATED  MAN 

CON(K6,C6,K7) 

;3 

*  AF  -  FIGHTER 

C0N(A1, A2? A3) 

#  V 

AF 

*  AH.  -  HELICOPTER 

CFN(4.0) 

•AH 

*  AT  -  TRANSPORT 

CFN(6.0) 

f 

AT 

CFN(3.0) 

k)  ' 

EA 

CFN (8.0) 

| 

FA 

FUNt AF»T) 

| 

'  „  HA 

FUN {AH, T ) 

TA 

FUN(ATtT) 

PAR(W1,W2,AC»SL,NE,RA) 

•Ml 

Wl/086. 

$ 

KI 

Ml*3950 • 

s 

Cl 

0.6*M 1*62,8 

1 

M2 

W2/386. 

0 

iM3 

Ml 

j 

J<3 

M3*2500. 

| 

C3 

0.44*M3*50. 

p 

■FQREA 

FUN{ EA,  X6 ) 

i 

AD 

AC- 2. 

j  : 

ARR 

FSW(AD,A1,A2,A3) 

ps- 

AR 

RA*ARR 

2DX1 

(-C 1* 1CX1-K 1*X1+C1* 1DX2+K1*X2-W1 ) /Ml 

U 

1DX1 

INT(20X1,AR) 

>3  V 

VI 

INT ( 10X It 0,  ) 

20X2 

■(C1*1DX1+K1*X1-C1*1DX2-K1*X2+ENAB+STR-W21/M2 

!  k 

•1DX2 

INT ( 20X2, AR ) 

0  j'  _ 

•X2 

INT (10X2*0, ) 

i  0 

W 

2DX3 

(C3*1DX2+K3*X2-C3*1DX3-K3*X3-W1)/M3 

!  3 

1DX3 

INT(20X3, AR) 

<a ' 

X3 

INT ( 10X3*  0.  ) 

$  0 

J 

DR  I 

( K3* ( X2-X3 ) )/{M3*386.) 

ARS 

FSW (A0*FA*HA*TA) 

;0 

20X4 

RA*ARS 

I 

10X4 

I  NT { 20X4*  AR  ) 

5  ^ 

X4 

INT( 10X4,0. ) 

id 

X6 

X4-X2 

5 

> 

10X6 

1DX4-1CX2 

) 

10X7 

AP* 10X6 

(4 

X7 

INT  (10X7, 0.5  .  “ 

» 

AM 

FSW(T-.005, l.,i.,0. ) 

1 

AN 

FSW  (AM+lDXo,  FALSE,  FALSE, TRUE) 

1-0 

A8 

FSW (AK+ 10X6, TRUE, TRUE, FALSE) 

j  «• 

OISP 

TAS (X6, AN, 0  .  ) 

1 

•FORED 

T AS ( ENAC, AN, 0.  ) 

10 

CIS2 

'  TAS (Xo, AB,0  .  ) 

F0R2 

TAS ( ENAC, AB ,0.  ) 

l 

$TR 

K6*X8  +C6* 10X8 

;<3 

AY 

FSW (X6-SL, FALSE, FALSE, TRUE) 

j 

AZ 

LSW  ( AY ,*1.  ,0 . ) 

! 

10x8 

AZ* 10X6 

3 

X8 

I  NT (10X8,0., TRUE, AY) 

ENAB 

NE*ENAC 

ENAC 

FSW ( 10X6, FOREB,FOREB, FOREF) 

FOREF 

FOREA*BN+FOREB*AP 

■  BN 

LSW  (0IS2 , 0.  ,  1.  )  '  ' 

AP 

LSW(0IS2, 1«,0. ) 

«  " 

j 


63  FSW( 10X7* TRUE, TRUE, FALSE) 

61  LSW(B3,i.,0.) 

84  _ FSW  < 1DX7,  FALSE,  TRUE.TRUEl 

62  LSW(B4, l.»  0.) 

FORS  _  F0R2*B2+F0R£D*Bi 

FOREB  ' FORS+REBO  . 

10X9 _ 81*10x7  _ 

X9  I NT { 10X9,0. «TRUEf B3) 

10X10^ _ B2*1DX7  __  _ 

X10  "  INT < 1 OX  10,0., TRUE, B4) 

REB1  K7*X9 

RE 82  K7*X10 

REBO  REBl*BHiR5B2*62 

OT  .001 . 

DTMAX _ OT 

OTMIN  Of MAX 

FIN(T,.l) 

“  HOR (TIME, 20X2, 20X4, X6,ENAB,DRI> 

OUT (T,2CX2, 20X4, X6,ENAB,DRI) 
PLO(T ,20X4, 20X2,X6, ORI ) 

_ _ SCA(. 00 1,200., 200. ,.15,1.) 

ZER<0.,0.,0.,0.,50.) 

ENO 


-  The  computer  will  establish,  linear  relations  between  the  points  given 

1 

and  interpolate  as  required. 

The  next  series  of  cards  merely  evaluate  the  stiffness  and 
damping  coefficients  for  the  models.  Since  the  man  models  are. 
fixed,  10  HZ  and  3  =  0.3  for  the  force  model;  8  HZ  and  ^  s  0. 22 
for  the  injury  model;  the  coefficients  are  calculated  by  inserting  the. 
given  body  weight. 

The  remainder  of  the  program  is  the  coding  of  the  differential’ 
equations  of  motion  previously  mentioned.  For  example,  the 
differential  equation  for  the  seat  is  v/ritten: 

oo  o  o 

M2x2  ■  qx1+  KjXj-  qx2r  KlX2+  Fea+  Fst-  w2  •  ■ 

The  first  terms  are  directly  from  a  summation  for  forces.  The  last 
three  are  the  forces  due  to  the  energy  absorber,  forces  due  to  struc¬ 
tural  response,  and  the  inertial  term.  As  the  energy  absorber 
compresses,  the  force  generated  changes  with  increasing  relative 
displacement.  However,  it  cannot  displace  an  unlimited  amount. 

If  an  energy  absorber  is  not  sufficient  to  absorb  the  input  energy,  it 
would  attempt  to  travel  a  distance  greater  than  practically  available. 
Therefore,  the  stroke  limit,  SL,  is  specified.  If  the  device  attempts 
to  exceed  this  limit  it  is  assumed  that  the  seat  impacts  on  a  very  rigid 


structure  having  stiffness  K6. 


This  caused  large  magnitude  and  high  frequency  "ringing"  to  occur  and 
structural  damping  Co  is  included  to  limit  the  ringing. 

The  other  condition  is  that  of  seat  rebound.  If  the  absorber 
dissipates  the  energy  properly,  a  point  is  reached  where  the  relative 
velocity  between  the  floor  and  seat  goes  to  zero.  If  the  seat  and  man 
want  to  rebound,  the  energy  absorber  doe3  not  necessarily  respond ' 
as  a  continuous  element.  Since  rebound  data  is  not  available  for  all 
types  of  absorbers,  it  is  assumed  the  device  deforms  elastically 
back  to  zero  force  with  the  same  stiffness  as  the  original  elastic 
deformation  of  the  curve.  This  is  shown  below.  The  value  used 
at  present  is  17,  000  pounds  per  inch.  .  • 


The  remainder  of  the  program  contains  the  logic,  required  to 
properly  control  the  energy  absorber  "rebound"  and  the  structural 
bottoming.  The  structural  response  is  the  easiest  to  explain.  -  When 
the  absorber  deformation,  X6,  exceeds  the  selected  stroke,  SL,  the 
displacement  of  the  "rigid"  link  is  calculated  by  integrating  the 
relative  velocity  starting  at  the  time  when  X6-SL  is  greater  than  zero. 
This  creates  a  force  STR  which  is  added  into  the  differential  equation. 


Wbea  toe  eScfcrrcaiian  becomes  less  than  the  limiting  stroke*  the 
isdegrx&Gca  slops  and  toe  force  joes  to  zero.  The  seal  is  free  to 
reboesad. 


Tbt  energy  absorber  action  is  more  complicated.  As  toe 
displaremegmli,  XS,  increases;  tbe  relative  veloriiy,  11QK6,  eveartoalBv 
slows  to  zero.  At  tMs  point  tbe  absorber  warts  to  rebocmd,  ba± 
oot  along  tbe  original  path.  Instead,  it  warts  to  csnload  along  a 
itrop  parallel  to  tbe  initial  elastic  portion  of  tbe  force-displacement 
curve.  There  tbe  last  value  of  force  and  displacement  attained  at 
zero  relative  velocity  most  be  stored  as  tbe  initial  valae  of  tbe 
rebound  or  relaxation  portion  of  tbe  carve.  This  is  tbe  parpose  of 
tbe  "track  and  store811  operations  seen  as: 

D1SF  =  TAS<X6,  AX,  O.) 

FORED  =  TAS  (EXACT,  AX,  O. ) 

From  these  initial  conditions  we  most  backtrack  along  tbe  staSness 
curve  K7.  Therefore,  the  force  in  the  energy  absorber  is  tbe  stored 
value  minus  iheproduct  of  K7  and  X9.  'When  tbe  absorber  reaches 
another  zero  relative  velocity,  expands  as  far  as  it  will  go,  the 
deformation  may  again  increase  along  the  elastic  curve  from  the 
stored  values: 

DIS2  =  TAS  (X6,  AB,  O. ) 


FOR2  =  TAS  (ENAC,  AB,  O-  ) 


The  occurrence  of  elastic  rebound  viUna  the  elastic  range,  even 
thoogjb  1DX6  goes  positive,  is  recognized  by  baring  the  logical  test 
placed  span  1DXT  which  detects  the  first  change  in  relative  velocity. 
When  the  absorber  initially  compresses,  the  relative  velocity  is 
positive  bet  the  marimara  displacement  has  not  occurred  to  initiate 
H3X7.  After  the  peak  displacement  is  once  reached,  IDS?  has  some 
valae  and  enables  the  computer  to  calculate  the  relaxatioc  effect 
rather  than  retains  to  the  original  force  displacement  carve. 

The  output  of  the  program  can  be  selected  by  use  of  header 
and  oats  cards  in  the  formats  shown.  As  written,  the  program  prints 
oat  and  plots  the  inpat  acceleration,  the  seat  acceleration,  the  energy 
absorber  crash  and  the  D.  R.  I.  These  provide  in  one  plot  the  inpat, 
the  seat  response,  energy  absorber  response,  and  the  busman 
physiological  response. 

R  is  necessary  that  fee  program  cards  be  placed  in  a  parti¬ 
cular  order  and  with  a  particular  number  of  cards  sequenced  properly. 
The  proper  order  is  explained  below. 

The  first  card  is  a  job  card  having  the  maximum  number  of 
minutes  and  lines  of  output  anticipated  along  with  an  identifying 
problem  number  and  name. 

5JGB  S546  0*5*5000  69-563,N  S  "PHlL*  BETA  1ND.  INC. 

The  second  card  is  an  execute  card  that  identifies  the  routine,  to  be 


used. 


t  i 


This  is  followed  by  a  comment  card  which  is  the  printout  to  be 
placed  at  the  top  of  computer  program  listing.  The  program  deck 
follows  Use  comment  card  and  the  last  card  of  the  program  is  the 
End  card  to  be  followed  by  data. 


175220  0  IEaECLTE _ HIgIC 


The  cards  following  the  program  are  those  called  out  within 
the  program  in  the  order  they  are  listed.  The  constants  K6,  Co, 
and  K7  are  on  the  first  card  and  the  velocities  A!,  A Z  and  A3  are  on- 
the  second. 


_ K6 _ C6 _ K7 _ 

l.C^COE  Cfc  2.C-0CCCE  02  7.0C0C0E  05. 


A1  42  43 

-9.07KKJE  02 _  _  ~5,23S?CE  02 _  _  -4.93GC0E  02 


Crash  acceleratiois  waveforms  are  the  next  sets  required.  The 
number  of  points  for  each  must  match  the  number  within  the  con¬ 
stant  function  field  of  the  identifying  card.  That  is,  for  the  fighter, 
AF=CFiS  (4. 0)  must  have  four  data  cards.  The  acceleration  cards  are 


as  shown. 

4.  ’  AF 

_2j_ _ c. _ 

3v5->?r'E-C2  1.3  3D  COE  04 

9.63TC0E-0?  1.C30C3E  04 

r.rtoooE-Gi 


£« 

AH 

1 

0. 

0. 

I! 

10.OD1C0E-C3 

1.83CCCE  04 

1 

1.3C3Q0E-C2 

2.03CCCE  04 

* 

a 

1.8r0C0E-C2 

4.43000E  04 

1’ 

\ 

2.5CX3E-02 

5.67CCQE  03 

3. 003  COt- 02  '  “ 

C. 

AT 


Q, 

r. 

s 

'1.8010GE-C2 

X.i60CCE  04 

i 

8.5C3C9E-C2 

0. 

* 

* 

i 


.  The  next  set  of  cards  described  the  energy  absorber  force-deflecting 
characteristics.  A  sample  is  shown  below  for  EA=CFN  (7. 0). 


9*  V7~ 

10.909 CDE-C3_  6.200 00E  03 

"3.WWM1  ~  ~e.2CC'CCE03 

4.0C3CQE-C1  4.50CCCE  03 

‘XA&S&Fr&f - TV3OCCW03 

S.0Q3C3E  CO _ 5. 300 COE  03 

5.X‘3fe)E  Cl  5.30CtCE  03 


The  deck  is  completed  by  adding  the  parameter  cards  required.' 
These  are  the  variations  to  be  run  with  one  deck.  For  each  set  of 
parameter  cards  a  complete  set  of  data  are  computed  and  printed 
out- 

The  first  parameter  card  identifies  the  weight  of  the  man. 
the  weight,  of  the  seat,  the  aircraft  selected,  the  stroke  length,  the 
number  of  energy  ahsGrfcers,  and  input  reduction  ratio.  These  are 
shown  below. 

HI  H2  AC 

i,70£g0F  €2 _ 1 » 5[LQCCE  02 _ _ 2.00C30E  03 

SL  .  HE  RA 

5 .30909 E  31  .  1.0OOO9E  00  1.0000GE.  00 

The  last  card  is  the  end  of  the  file  card  and  completes  the  deck. 


AC 

AF,  AH,  AT 

DISP 

DRI 

EA 

ENAB 

ENAC 

FA,  HA,  TA 

FOREA 

FORED 

FORS 

NE 

SL 

STR 

Al,  A2,  A3 


Aircraft  control  parameter.  This  is  input  to  the  program 
to  select  either  the  fighter,  helicopter  or  transport  acceleration 
input  depending  upon  whether  or  not  the  value  is  1,  2,  or  3 
respectively. 


Symbols  identifying  the  acceleration  data  points  for  the 
fighter,  helicopter,  and  transport. 

The  displacement  of  the  absorber  as  long  as  the  relative 
velocity  is  positive.  The  track  and  store  operation  causes 
DISP  to  track  X5  until  1DX6  goes  negative  and  stores  that 
value.  When  1DX6  goes  positive  again,  DISP  tracks  until 
another  velocity  reversal.  Its  this  manner  DISP  always 
contains  the  initial  conditions  for  displacement  when  the 
seat  attempts  to  compress  the  absorber. 

The  Dynamic  Response  index  which  is  a  measure  of  vertebral 
fracture. 


Symbol  identifying  the  data  points  obtained  from  the  energy 
absorber  curve.  The  number  in  parenthese  establishes  the 
number  of  points  to  be  used  as  input.  (Force  in  pounds  versus 
time  in  second. )  -  ' 

Total  force  for  all  absorbers,  (pounds) 


The  force  developed  by  one  absorber  at  any  time,  (pounds) 


Symbols  identifying  the  time  function  generated  by  the  data 
points  AF,  AH,  and  AT 


Symbol  establishes  the  relation  between  the  energy  absorber 
curve  and  calculated  relative  displacement. 

The  force  the  absorber  develops  as  long  as  the  relative 
velocity  is  positive.  This  duplicates  the  actions  of  DISP. 

A  stored  force  at  the  beginning  of  expansion  or  compression. 


Number  of  energy  absorbers,  also  an  input. 

Stroke  limit  is  included  as  input  (inches) 

The  force  developed  by  the  structure  at  impact  of  the  seat 
when  the  stroke  limit  is  exceeded. 


\ 


Velocities  of  the  fighter,  helicopter,  and  transport  aircraft 
respectively.  These  are  used  as  the  initial  values  of  the 

integrators  of  the  program. 


j 


Cl 

C3 

C6 

DISC2 


FOR2  - 

K1 

K3 


The  damping  factor  of  the  10  HZ  man  model  (# /inch/sec. ) 

The  damping  factor  of  the  8  HZ  injury  model  (# /inch/sec. ) 

Damping  coefficient  of  structural  element  that  is  impacted 
when  seat  impacts.  (# /inch/sec. ) 

The  displacement  of  the  absorber  as  long  as  the  relative 
velocity  is  negative.  The  track  and  store  operation  is 
reversed  so  that  D1S2  will  always  contain  the  value  of 
absorber  displacement  as  the  absorber  attempts  to  elongate.  . 
This  provides  the  initial  conditions  for  absorber  displacement 
during  expansion. 

The  value  of  the  force  in  the  energy  absorber  during  expansion 
The  value  is  held  during  compression 

The  stiffness  of  the  10  HZ  man  model  (#/inch) 

The  stiffness  of  the  8  HZ  injury  model  (#/inch) 


K6 


Stiffness  of  structural  element  that  is  impacted  when  seat 
impacts  after  exceeding  stroke  limit.  (#/inch) 


K7 


Ml 

M2 

M3 


Relaxation  stiffness  of  energy  absorber.  This  can  be  an 
assumed  equal  to  the  initial  snffness  of  energy  absorber 
force -displacement  curve.  (#/inch) 

The  mass  of  the  10  HZ  man  model  (#  /inch/sec  *) 

2 

The  mass  of  the  seat  (# /inch/sec  ) 

o 

The  mass  of  the  8  HZ  injury  model  (i/incb/sec  ) 


X6 

2DX1,  1DX1, 
XI 


2DX3,  1DX3, 
X3 

2DX4, 1DX4, 
X4 


Relative  displacement  across  the  energy  absorber 

The  acceleration,  velocity  and  displacement  of  the  force 
model  mass.  Ml. 

The  acceleration,  velocity,  and  displacement  of  the  injury 
model  mass,  M3. 

The  acceleration,  velocity,  and  displacement  of  the  crash 
input. 


RA 


Input  Reduction  Ratio 


'  APPENDIX  H  -  WAVEFORM  LINEARIZATION 


The  input  acceleration  waveforms  used  in  evaluating  and  optimising 
energy  absorbers  were  obtained  from  measured  data  taken  during  controlled 
crashes  of  actual  aircraft.  The  waveforms  actually  measured,  however,  were 
complex  in  nature  containing  "structural  ringing"  and  other  high  frequency 
"hash"  and  it  was  necessary  to  modify  the  measured  data  so  that  the  pulses 
could  be  handled  easier.  The  data  reduction  method  used  is  described'below 
as  it  was  applied  to  crash  data  measured  on  a  transport.  The  same  technique 
was  also  used  on  fighter  and  helicopter  data. 

Particular  curves  are  available  for  6 -degree  and  20 -degree  impacts 
of  a  Lockheed  L-1649  Transport  and  for  an  8 -degree  and  20-degree  impact  of 
a  Douglas  DC -7  Transport.  Let  us  examine  the  8 -degree  impact  for  the  DC -7 
Transport.  The  measured  data  are  shown  with  an  approximate  mean  drawn 
through  it.  How  can  we  realistically  develop  an  acceleration  profile  from  this 
that  can  be  used?  Should  we  duplicate  this  curve  and  establish  it  as 'a  criteria? 
To  do  so  would  require  users  to  be  able  to  handle  complex  waveforms.  Or  is 
it  possible  to  approximate  the  waveform  and  feel  assured  that  the  approximation 
‘  will  provide  accurate  data? 

The  most  approximate  "wave  analysis"  is  simply  to  record  the  time 
of  "peak"  and  "valley  "  accelerations  and  note  their  magnitudes.  If  this 
is  done  from  0.  65  seconds  to  0.  80  seconds,  the  mean  time  between  peak 


and  valley  is  0. 010  seconds. 


The  oscillation  modulating  the  ’'basic11  pulse  is  therefore  a  50  HZ  vibration. 

The  acceleration  essentially  passes  through  a  rigid  energy  absorber  and 
acts  upon  the  man.  The  man  acts  as  a  -10  HZ  acceleration  is  attenuated 
28  db  or  by  a  factor  of  0. 04.  The  mean-  magnitude  of  the  acceleration 
is  about  12  g.  Therefore,  the  man  model  would  respond  by  generating 
0. 48  g,  approximately  2. 5  per  cent  of  the  basic  acceleration. 

The  modulating  accelerations  were  approximately  50  HZ  with  an 
amplitude  of  12  g.  By  subtracting  this  fromthe  peaks  and  adding  to  the 
valleys,  a  new  curve  was  generated  with  a  peak  at  0.  73  seconds.  A  line 
was  drawn  through  the  points  and  a  symmetrical  waveform  generated.  From 
the  plot  it  is  apparent  that  this  does  not  agree  with  the  rate  of  onset  or  rate 
decay  as  well  as  could  be  hoped  for.  By  extending  the  waveform  a  better 
approximation  of  the  rate  of  onset  can  be  achieved.  The  result  is  a  22  g 
symmetrical,  triangular  pulse.  The  complete  description  for  this  case 
is  then. 

Peak  g  22 

Time  Duration  200  milleseconds 

Velocity  Change  71  feet  per  second 

Rate  of  Onset  220  g/second 

Rate  of  Decay  220  g/second 

These  are  representative  of  the  8 -degree  impact  for  a  DC -7. 

A  similar  approach  was  taken  for  the  20 -degree  impact.  In  this 
case  the  modulation  is  not  as  distinct  and  it  appears  that  the  best  approximation 
to  fit  the  complete  pulse  is  to  represent  it  by  a  skewed  triangle. 


Similar  results  for  the  L-1649  Transport  are  shown  below. 


Peak  g 

Pulse  Duration 
Velocity  Change 
Rate  of  Onset 
Rate  of  Decay 


6  Degree 
23 

110  milleseconds 
40. 7  feet/ second 
536  g/ second 
343  g/second 


20  Degree 
30 

85  milleseconds 
41. 1  feet/second 
1650  g/second 
450  g/second 


These  four  triangle  pulses  are -shown  graphically  in  Figure  II -1  . 
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APPENDIX  IV  ENERGY  ABSORBER  CHARACTERISTIC  CURVES 

Records  of  nine  existing  energy  absorbers  previously  tested 
by  ACED  were  evaluated  and  formatted  for  use  in  the  computer 
program.  The  records  supplied  contained  input  acceleration  profiles 
and  force -acceleration -time  profiles  of  the  energy  absorbers  response, 
generated  from  experiments  in  which  energy  absorbers  supported 
dead  weights  during  impact.  However,  if  energy  were  to  be  analytically 
included  into  the  computer  program,  the  characteristic  force  -deflection 
curve  is  required.  The  method  used  to  find  this  characteristic  curve 
for  one  particular  energy  absorber  is  described  in  the  following 
paragraphs  and  this  technique  was  used  repeatedly  to  find  the  force - 
deflection  curves  of  the  other  devices,  which  are  shown  in  Figures 
IV -6  thru  IV -14.  *  ' 

The  Boeing -Vertol  Load  Limiter  Strut  is,  a  device  that 
attenuates  energy  by  forcing  a  pre-cut  tube'  over  a  mandrel  and 
causing  the  cut  sections  to  curl  up  along  the  side  of  the  tube..  Three 
tests  were  conducted -on  the  device.  This  data,  as  well  as  static 
and  dynamic  force -displacement  curves,  made  it  a  logical  first 
attempt  to  use  the  test  information.  The  tests  consisted  of  three 
drops.  The  first  two  bottomed  out  and  generated  la^ge  overshoots 
in  the  load  cell.  The  third  resulted  in  a  smooth  response  for  all 
three  data  channels  and  was  selected  for  analysis. 


The  physical  set-up  of  the  test  was  such  that  accelerometers 
measured  the  input  acceleration  of  die  cart  above  the  load  cell  and 
the  output  acceleration  at  a-dead  weight  directly  below  the  energy 
absorber.  If  we  assume  that  the  stiffness  of  all  elements  between 
the  accelerometers  are  large  in  relation  to  the  stiffness  of  the 
energy  absorber,  then  the  two  provide  a  means  of  evaluating  the 
relative  accelerations  across  the  absorbers. 

Overlays  were  made  of  the  two  accelerations  and  the  platform 
acceleration  scaled  up  to  that  of  the  dead  weight  (Figure  T y-1).  The 
difference  between  the  two  was  found  (Figure  IV-2)  and  integrated 
twice  (Figure  IV-3).  With  the  displacement  versus  time  and  the 
measured  force  versus  time,  a  crossplot  was  made  to  construct 
the  force -displacement  curve  of  the  absorber  (Figure  IV-4).  The 
displacement  calculated  was  found  to  be  3.  28  inches  as- compared 
with  the  3.  5  inches  mentioned  in  the  test  discussions. 

The  force -displacement  curve  constructed  matches  very  .well 
with  the  measured  curve  of  dynamic  force -displacement  found  for  Boeing 
test  number  2.  The  correlation  between  the  two  indicated  that  the 
one  curve  is  a  reasonable' representation  of  the  dynamic  force - 
displacement  curve  for  the  Boeing  E/A  Strut. 


A  comparison  of  the  dynamic  curve  with  the  static  curve 
(Figure  IV-5)  indicates  that  there  is  a  significant  difference  in 
the  two.  We  could  use  the  dynamic  curve  as  available  for  all 
environments.  However,  the  fact  that  the  static  and  dynamic 
do  differ  is  sufficient  to  indicate  that  this  area  should  be  further 
pursued.  At  present  we  assume  that  the  dynamic  force -deflection 
curve  is  valid  for  the  environments  tc  be  investigated  since  the 
peak  g  and  waveform  are  approxinoa  teiy  representative  of  the 
of  the  crash  accelerations  being  examined. 
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